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PHYSICAL  review: 


AN    INTERFEROMETER   STUDY   OF    RADIATIONS    IN 
A    MAGNETIC   FIELD.     I. 

J«»HN  C     ShEDD. 

Part  One.    Historical  Survey. 

IN  1845  Faraday  discovered  the  rotation  of  the  plane  of  polar- 
ization  due  to  a  magnetic  field  of  force.  This,  perhaps,  sug- 
gested the  further  experiment  as  to  the  effect  of  a  magnetic  field 
upon  a  source  of  radiation  placed  within  it.^ 

In  the  light  of  what  is  now  known  Faraday's  repeated  failure  to 
obtain  positive  results  from  this  last  experiment  may  be  ascribed  to 
the  low  dispersive  power  possessed  by  his  apparatus,  and  to  the  com- 
paratively low  temperature  of  the  gas  flame  used  as  a  source  of 
radiation. 

In  1865  Maxwell  propounded  the  electromagnetic  theory  of 
light,  which  not  only  correlated  all  hitherto  observed  phenomena,, 
but  also  furnished  a  scientific  basis  for  future  research. 

In  1875  Professor  Tait  ^presented  a  paper  *'  On  a  Possible  In- 
fluence of  Magnetism  on  the  Absorption  of  Light"  which,  while 
not  realized  by  him  experimentally  is  of  interest  in  this  connection. 
He  says  in  part : 

**  The  explanation  of  Faraday's  rotation  of  the  plane  of  polariza- 
tion  of  Ught  by  a  transparent  diamagnetic  requires,  as  shown  by^ 

>  Appendix  \. 

«  Proc.  Roy.  Sec.  Edinburgh.     Sessions  1875-76,  p.  168. 
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Thomson,^  molecular  rotation  of  the  luminiferous  medium.  The 
plane  polarized  ray  is  broken  up,  while  in  the  medium,  into  its 
circularly  f)olarized  components,  one  of  which  rotates  %\*ith  the 
ether  so  as  to  have  its  period  accelerated,  the  other  against  it  in  a 
retarded  period.  Now,  suppose  the  medium  to  absorb  one  definite 
\i-ave-length  only,  then — if  the  absorption  is  not  interfered  with  by 
the  magnetic  action — the  portion  absorbed  in  one  ray  will  be  of  a 
shorter,  in  the  other,  of  a  longer  period  than  if  there  had  been  no 
magnetic  force  ;  and  thus,  what  ^\*as  originally  a  single  dark  absorp- 
tion line  might  become  a  double  line,  the  components  being  less 
dark  than  the  single  one." 

The  line  of  reasoning  here  presented,  if  applied  to  a  source  of 
radiation  ^instead  of  absoq^tion)  placed  in  a  magnetic  field  would 
give  an  analogous  solution  of  two  bright  lines  of  less  intensity'  than 
the  original  line. 

The  first  experimental  results  in  this  field  of  work  were  ob- 
tained by  M.  Fievez*  in  iSS;— So.  His  obsen-ations  consisted  in  a 
broadening  of  the  spectral  line,  and  increased  brilliancy  of  illumina- 
tion.    Xo  obser\'ations  are  recorded  as  to  the  state  of  polarization. 

The  phenomena  o\  reversal  and  increased  brightness  of  the  lines, 
while  undoubtedly  precipitated  by  the  action  of  the  magnetic  field, 
were  probably  due,  primarily,  to  changes  of  temperature  and  den- 
sit\\  The  broadening  of  the  line,  however,  was  undoubtedly  a 
genuine  magnetic  efTect,  and  as  Preston  *  remarks,  had  Fievez  been 
acquainted  with  tlie  theorx*  of  the  subject  the  whole  question  would 
ha\"e  been  settled  in  1SS5. 

Fievez  does  not  seem  to  ha\-e  been  familiar  with  what  Faraday 
had  done  as  regards  the  state  of  jx^lariraiion,  nor  to  hax^e  taken  any 
special  precautions  against  sjx>ntaneous  rencrsals :  yet,  while  his 
work  may,  in  the  light  of  re\:ent  in^>^stigat!ons,  apjxwr  mciger,  it 
deservx*s  an  imjx^rtant  place  in  the  histor}*  of  the  suKect,  and  must 
sooner  or  later  ha\x^  led  to  the  \cr\*  re^sults  rewchcd  by  Zeeman. 

A  paper  entitled  *'  Causes  of  PouMc  Linos  and  Clo^se  Sater.iries 
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in  the  Spectra  of  Gases/'  by  G.  J.  Stoney/  though  not  considering 
the  special  case  of  magnetic  forces,  has,  nevertheless,  a  theoretical- 
bearing  upon  the  subject. 

Of  still  greater  importance  are  the  writings  of  Lorentz,^  pub- 
lished in  1892  and  1895,  inasmuch  as  they  were  a  guide  to  Zeeman 
in  his  experiments. 

In  March,  1897,  Dr.  P.  Zeeman^  communicated  to  the  Philosoph- 
ical Magazine  the  results  of  a  research  that  has  proved  wonderfully 
fruitful  in  his  own  hands  and  also  in  the  hands  of  others.  Zeeman 
was  familiar  with  Faraday's  experiments,  but  did  not  know  of 
Fievez's  work.  He  was  influenced,  as  a  matter  of  course,  by  Max- 
well's electromagnetic  theory  of  light,  and  in  particular  was  guided 
by  Lorentz's  exposition  of  it.  His  first  experiments  were  identical 
with  those  of  Faraday,  excepting  that  he  had  a  Rowland  grating 
of  14,000  lines  to  the  inch,  and  hence  had  a  much  greater  disper- 
sion. With  this  arrangement  of  the  apparatus,  a  broadening  of  the 
spectral  line  was  observed,  similar  to  that  seen  by  Fievez.  Guided, 
however,  by  Lorentz's  theory,  Zeeman  tested  the  state  of  polari- 
zation of  the  broadened  line,  and  found  that,  when  viewed  parallel 
to  the  lines  of  force,  the  edges  of  the  line  were  circularly  polarized 
as  predicted  by  Lorentz's  theory. 

Lorentz's  Theory, — In  this  theory  it  is  assumed  that  light  vibra- 
tions are  the  vibrations  of  electrically  charged  ions  of  definite  mass. 
Thus  suppose  such  an  ion  having  a  charge  e  and  mass  w,  to  vibrate 
with  simple  harmonic  motion  about  its  center  of  equilibrium.  Such 
an  ion  moving  in  a  magnetic  field  would  then  experience  mechan- 
ical forces,  which  would  cause  a  change  of  period  of  vibration.  The 
amount  of  this  change  of  period  would  depend  upon  the  ratio  ^/a;/, 
and  the  measurement  of  the  change  of  period  would  give  a  knowl- 
edge of  this  ratio. 

The  equations  giving  the  modified  period  are  derived  as  follows  .* 

In  Fig.  I  let  the  origin  be  at  o  and  the  axis  of  Z  be  parallel  to 

>5ki.  Trans.  Roy.  Dublin  Soc,  Vol.  IV.,  p.  563,  1891. 

•  Lorentz,  **  La  Theorie  electromagnetique  de  Maxwell."  Leyden,  1892.  **  Versuch 
einer  Theorie  der  electrichen  und  optischen  Erscherungen  in  bewegten  Korpern."  Ley- 
den, 1895. 

*Phil.  Mag.  (5),  43,  p.  226.     Same  art.  Astro.  Phys.  Jr.,  5,  p.  332,  1897. 

*See  Zeeman,  Phil.  Mag.  (5),  43,  p.  226. 
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Fig.   J. 

the  lines  of  force,  the  axes  of  X  and  Y  being  perpendicular  to  this 
direction.  Then  if  /^  be  the  strength  of  field,  the  equations  of  mo- 
tion relative  to  the  X  and  Y  axes  are 


m 


If 
d? 


dr  -' 


=^-K*y~  eH 


dy 
dt 
dx 
dt 


(0 


The  term  K  is  the  coefficient  of  elasticity  of  the  ion,  the  second 
term  gives  the  mechanical  force  due  to  the  magnetic  field. 

The  solution  of  these  equations  yields  for  the  period  of  vibration 
the  following  values  : 


If    H=o,     T= 


(2) 


If //"be  not  zero,  and  we  regard  all  forces  in  the  ^VF plane  as 
symmetrcial  with  respect  to  the  axis  of  Z,  then 


T  = 


i± 


cH 


zKy/m 


)■ 


(3) 


The  meaning  of  equations  (2)  and  (3)  is  as  follows  : 
If  we  analyze  along  the  three  coordinate  axes,  the  motion  of 
the  moving  ion,  which  by  virtue  of  this  vibration  is  emitting  light, 
we  shall  have  three  component  vibrations  of  equal  period.  We 
may  next  compound  the  two  components  which  lie  in  the  XY 
plane  into  circular  motion,  and  since  we  do  not  know  the  sense  of 
rotation,  we  may  conceive  it  to  be  in  both  directions  simultaneously.^ 
If  the  source  of  light  be  viewed  in  a  direction  parallel  to  the 
magnetic  field,  the  component  whose  motion  is  parallel  to  the  axes 
of  Z  is  not  effective,  and  the  ray  is,  therefore,  composed  of  circularly 

» The  sense  of  rotation  will  depend  upon  the  sign  of  the  charge  e  upon  the  iron. 
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polarized  components,  whose  periods  of  rotation  are  the  same,  and 
for  zero  magnetic  field  have  the  value  given  by  equation  (2).  If 
the  magnetic  field  be  equal  to  H,  then  the  periods  become  changed, 
and  are  given  by  equation  (3).  The  periods  being  changed  by 
equal  and  opposite  amounts,  the  original  spectral  line  becomes  two 
lines  of  equal  intensity,  symmetrically  situated  with  respect  to  the 
original  unmagnetized  line  ;  the  components  being  circularly  polar- 
ized in  opposite  senses. 

Viewed  in  a  direction  normal  to  the  magnetic  field,  the  component 
parallel  to  the  axis  of  Z,  and,  therefore,  parallel  to  the  axis  of  the 
magnetic  whirl,  is  not  affected  by  it,  is  unaltered  in  period  and  ap- 
pears as  a  plane  polarized  ray.  The  two  circular  components,  being 
now  viewed  parallel  to  the -.Y' F  plane,  also  appear  as  plane  polar- 
ized rays,  the  plane*  of  polarization  being  normal  to  that  of  the  Z 
component. 

Thus  viewed,  the  spectral  line  is  broken  up  into  three  component 
lines,  and  if  the  magnetic  field  is  of  sufficient  intensity  there  will  be 
seen  tfiree  distinct  lines,  the  two  outlying  ones  having  their  vibra- 
tions in  a  plane  normal  to  the  magnetic  field,  and  the  central  one 
in  a  plane  parallel  to  it.  If  the  magnetic  field  is  not  powerful 
enough  to  separate  the  three  components  they  will  overlap,  and  the 
line  appears  merely  broadened.  The  components  may,  however, 
be  isolated  by  means  of  a  nicol  prism. 

In  his  earlier  work  ^  Zeeman  obtained  only  a  broadened  line,  but 
by  means  of  the  nicol  he  was  able  to  test  the  state  of  polariza- 
tion ;  and,  later,*  he  succeeded  in  obtaining  both  the  doublet  par- 
allel to  the  magnetic  field,  and  the  triplet  normal  to  the  field,  as 
predicted  by  Lorentz*s  theory. 

Methods, — In  the  further  progress  of  the  work  two  radically  dif- 
ferent methods  have  been  developed. 

The  first  is  that  followed  by  Zeeman  and  many  other  investiga- 
tors. It  consists  in  photographing  the  spectral  lines,  and  in  meas- 
uring the  separation  of  the  *'  magnetized"  components  by  means  of 
the  micrometer  dividing  engine.  The  chief  merit  of  this  method  is 
that  a  permanent  record  is  secured  in  the  photograph.     It  is  also 

iPhil.  Mag.  (5),  43,  p.  226. 

«Phil.  Mag.  (5),  44r  pp.  55  and  355  ;  45,  P-  197- 
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an  advantage  that  the  phenomenon  is  observed  directly.  The  limi- 
tations of  the  method  are :  First,  the  fact  that  the  quantity  to  be 
measured  is  minute,  and  the  micrometer  method  of  direct  measure- 
ment is  of  necessity  h'mited  in  range  ;  Second,  it  frequently  happens 
that  the  components,  whose  distances  apart  are  to  be  measured,  are 
so  nebulous  as  to  make  it  exceedingly  difficult  to  make  exact  mi- 
crometer settings.  Ihirdy  the  time  of  exposure  necessary  is  some- 
times so  long  as  to  make  the  method  prohibitory. 

The  second  method  is  due  to  Professor  A.  A.  Michelson,  and 
may  be  called  the  Interferometer  Method.  It  has  been  used  suc- 
cessfully with  magnetic  fields  far  too  weak  to  give  any  sensible  effect 
by  the  direct  method,  and  has  been  shown  to  have  a  delicacy  and 
sensitiveness  far  in  excess  of  any  photograph.  The  method,  as 
used  by  Professor  Michelson,  consists  in  obtaining  the  visibility 
•  curves  of  the  spectral  line,  both  when  unmagnetized,  and  also  with 
fields  of  different  intensity.  These  visibility  curves  are  then  ana- 
lyzed,* and  the  distribution  of  light  at  the  source  of  illumination  ob- 
tained. This  gives  directly  the  various  "  magnetic"  components 
of  the  line  :  By  means  of  a  nicol  prism  the  two  planes  of  polariza- 
tion may  be  separately  examined. 

The  advantages  of  this  method  are — ^briefly — First,  the  visibility 
curve  enables  the  separation  of  lines  not  hitherto  resolved  by  any 
other  method.  Second,  the  eye  is  the  instrument  of  investigation, 
and  hence  there  is  no  need  of  long  exposure  as  in  the  case  of  taking 
photographs.  Third,  any  change  of  polarization — or  other  effect — 
taking  place  during  the  period  of  obser\'ation  may  be  detected,  while 
the  photographic  process  is  necessarily  an  integrating  method. 

The  disadvantages  are  :  First,  the  method  is  an  indirect  one,  /.  e,, 
the  observations  are  made  not  on  the  lines  themselves  but  on  in- 
terference fringes  produced  by  them.  Second,  the  accurate  estimate 
of  a  visibility  curve  is  by  no  means  an  easy  matter,  and  the  rare 
success  attained  by  Professor  Michelson  has  been  equalled  by 
no  one  else,  and  can  only  be  approached  by  practice  and  great 
patience.  Third,  the  record  of  the  instrument  is  not  automatic,  as 
in  the  photograph,  and  is  subject  to  the  personal  error  of  the  ob- 
server.    Fourth,  the  reflection  from  the  half  silvered  surface  of  the  in- 

iPhil.  Mag.  (5),  34,  p.  280,  1892.     Astro.  Phys.  Jr.,  7,  p.  129,  1898. 
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terferometer  affects  the  two  beams  polarized  in  perpendicular  planes, 
to  a  different  degree,  so  that  when  both  beams  are  simultaneously 
observed  they  have  not  their  normal  ratio  of  brightness,  with  the  re- 
sult that  the  fringes  are  correspondingly  deceptive. 

In  the  hands  of  an  experienced  observer  the  interferometer  is  un- 
doubtedly the  most  powerful  instrument  of  attack  that  is  available 
at  present,  unless,  indeed,  Professor  Michelson  has  presented  in  the 
Eschelon  Plate  Spectroscope,  an  instrument  of  equally  great  value. 
Under  circumstances  less  favored  than  those  enjoyed  by  Profes- 
sor Michelson,  it  is  difficult  to  see  how  the  Interferometer  Method 
as  he  uses  it,  can  be  successfully  used.  There  are,  however,  modi- 
fications rendering  this  instrument  more  available,  which  have  been 
used  by  the  present  writer.  . 

Experimental  Results, — The  agreement  between  theory  and  ex- 
periment presented  by  Zeeman*s  early  experiments  was  truly  re- 
markable, and  the  apparent  simplicity  of  the  phenomenon  seemed 
equally  worthy  of  notice.  This  apparent  simplicity,  however,  was 
soon  found  not  to  be  true  of  all  spectral  lines,  and  more  complex 
forms  were  found.  Exceptions  were  also  found  to  the  state  of 
polarization  as  first  described  by  Zeeman. 

The  first  observer  to  note  a  departure  from  the  normal  form  was 
M.  Comu.^  His  apparatus  was  similar  to  that  of  Zeeman  except- 
ing that  he  used  a  double  image  prism,  and  was  thus  able  to  ob- 
serve both  planes  of  polarization  simultaneously.  For  a  magnetic 
field  strength  of  1 3,0(X)  C.  G.  S.  units  he  observed  that  the  sodium 
line,  Dy  when  viewed  normal  to  the  magnetic  field  was  a  quadruple, 
the  inner  components  being  polarized  perpendicular  to  the  mag- 
netic field  and  the  outer  ones  parallel  to  this  direction.  The  line, 
Z>j  he  found  to  be  a  hazy  triple  with  each  member  perhaps  doubled. 

M.  Comu  was  soon  followed  by  others.  Preston^  succeeded  in 
photographing  as  many  as  five  different  types,  and  Michelson* 
with  the  interferometer  showed  three  well  marked  groups  of  lines. 

As  regards  polarization  Becquerel  and  Deslandres  ^  have  found 

'Astro.  Phys.  Jr.,  6,  p.  378,  1897 *,  7.  p.  163,  1898. 
«Phil.  Mag.  (5),  45,  p.  330,  1898;  47,  p.  165,  1899. 

•Phil.  Mag.  (5),  44,  p.  109,  1897,  same  Art.  Astro.  Phys  Jr.,  6,  p.  48,  1897  ;  Phil. 
Mag.  (5),  45,  p.  348,  X898,  same  Art.  Astro.  Phys.  Jr.,  7,  p.  131,  1898. 
«C.  R.,  April  4,  1898. 
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that  one  of  the  iron  lines  when  viewed  perpendicularly  to  the  mag- 
netic field  becomes  a  triple,  in  which  the  usual  state  of  polarization 
is  reversed.  The  same  phenomenon  has  also  been  observed  at  the 
Johns  Hopkins  ^  University. 

The  classification  of  lines  as  given  by  Preston  is  shown  in  Fig. 
2,  who  thus  describes  them. 


Fig.  2. 


**  In  I  wc  have  the  normal  triplet.  In  2  we  have  the  weak  middled  'quartet'  in 
which  nearly  all  the  light  is  concentrated  in  the  two  side  lines.  Next  we  have  in  3  the 
doublet  in  which  the  central  line  has  completely  disappeared.  Next  in  4  we  have  the 
double  doublet,  or  two  pairs  of  fine  lines,  and  finally  in  5  the  sextet  or  three  pairs  of 
equally  spaced  sharp  lines." 


Preston '  cites  the  following  as  examples  of  the  above  types  : 
Type  I,  Cd,  4678  ;  Mg,  5167  ;  Zn,  4680  and  the  vast  majority 
of  other  lines.  Type  2,  Mg,  5183  ;  Cd,  5086;  Zn,  4810.  Type 
4,  Mg,  5173  ;  Cd,  4800;  Zn,  4722.  In  his  latest  work^  Preston 
seems  to  restrict  his  classification  to  three  types,  viz.:  ''Diffuse 
triplets,"  "quartets"  and  "pure  triplets."  It  may  be  that  types  3 
and  4  are  modified  forms  of  the  same  type,  as  also  2  and  5.  This 
would  leave  but  three  types. 

The  types  found  by  Michelson  ^  are  shown  in  Fig.  3.  The  up- 
per curves  are  taken  by  the  interferometer  and  the  lower  by  the 
Echelon  plate  spectroscope.  The  spectral  lines  are  viewed  normal 
to  the  magnetic  field  in  both  figures  2  and  3. 

1  Astro.  Phys.  Jr.,  8.  p.  48,  1898. 
«Phil.  Mag.  (5),  45.  P-  330- 

•Phil.  Mag.  (5),  47,  p.  178.  See  also  Nat.,  Vol.  59,  p.  226,  where  seven  types  are 
given. 

<  Astro.  Phys.  Jr.,  7,  p.  136,  X89S.     Nat.,  March  9,  1899. 
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Fig.  3. 

The  following  are  some  examples  : 

Type  I.  Type  II.                         Type  III. 

Hg    yellow  line.  Hg    violet  line.        Hg    green  line. 

Cd    red  line.  Cd    blue  line.          Cd    green  line. 

Zn    red  line.  Zn    blue  line.          Mg    green  line  (5183). 

Au    green  line.  Na    yellow  line. 

Ag    yellow  line.  Au    yellow  line. 
Ag    green  line. 

Michelson  adds  a  fourth  type  in  which  a  broad  or  complex  line  is 
simplified  or  narrowed  in  the  magnetic  field.  Examples  of  this  are 
Cu  yellow  line  and  Mn  green  line  (5340).  This  effect  is  true  of 
the  central  member  of  the  triplet  in  the  case  of  these  two  lines. 

If  now  a  comparison  be  made  between  such  lines  as  have  been 
observed  by  several  persons  the  following  rather  meager  data  are 
found. 
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Lines. 

Type. 

Field  Strength. 

Observer. 

Zn.  4810. 
(1       (( 

Cd.  5086.  . 
((      t( 

"  4800. 

<(      (( 

Na.    D, 
((       <( 

"      D, 

((              It 

Diffuse  triplets. 
Type  II 
Diflfuse  triplets. 
Type  III. 
Quartets. 
Type  II. 
Type  II. 
Quartet. 
Type  II. 
Sextet. 

Preston. 

Michelson. 

Preston 

Michelson. 

Preston. 

Michelson. 

Michelson. 

Comu. 

Michelson. 

Comu. 

10,000. 

10,000. 

10.000. 
10,000. 
13,000. 
10,000. 
13,000. 

The  results  of  such  a  comparison  are  of  little  value,  unless  the 
conditions  as  regards  the  source  of  radiation  and  the  magnetic  field 
strength  are  known  to  be  the  same.  Two  things  are,  however,  ap- 
parent. 

I.  The  phenomenon  is  by  no  means  as  simple  as  was  at  first  sup- 
posed by  Zeeman. 

II.  The  superiority  of  the  Interferometer  Method  as  regards  re- 
solving power  is  shown. 

Modified  Theories, — Having  found  that  the  extremely  simple  de- 
ductions from  Lorentz's  theory,  as  made  by  Zeeman,  do  not  com- 
prehend the  observed  phenomena,  it  becomes  necessary,  either  to 
present  a  new  hypothesis  or  suitably  to  modify  the  old  one.  This 
modification  has  been  made  by  Lorentz,*  Larmor*  and  others,  while 
Preston'  has  pointed  out  that  the  paper  of  Dr.  Stoney,*  already 
cited,  anticipates  the  desired  theory. 

Dr.  Stoney  considers  the  effect  of  perturbing  forces  upon  an  ion, 
moving  in  an  elliptical  orbit  under  the  action  of  a  central  force, 
which  is  proportional  to  the  distance.  If  the  perturbing  force  be 
such  as  to  cause  the  orbit  to  rotate  in  its  own  plane,  then  the  spec- 
tral  line  becomes  a  doublet.     Thus  if  the  ion  be  moving  with  an 

iProc.  Roy.  Acad.  Sci.  Amsterdam,  June  25,  1S98.  Also  Astro.  Phys.  Jr.,  9,  p.  37. 
Wied.  Ann.,  Bd.  LXIIL,  p.  278,  1897. 

a  Phil.  Mag.  (5),  44,  p.  503- 

a  Phil.  Mag.  (5),  47.  p.  171. 

*  Trans.  Roy.  Soc.  Dublin,  Vol.  IV.,  p.  563.  See  also  Preston,  Phil.  Mag.  (5),  47,. 
p.  X71. 
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angular  velocity  ii  then  ii  =  27: N  where  iV  is  the  frequency  of  the 
rotation.  If  now  an  angular  velocity  of  lo  be  impressed  upon  the 
system  as  a  whole,  and  in  the  same  plane  as  ii,  then  the  resultant 
angular  velocity  is  the  algebraic  sum  of  the  two.  The  resultant 
frequency  will  also  be  the  algebraic  sum  ;  and  since  Q  is  to  be 
regarded  in  both  senses,  the  resultant  motion  will  have  a  double 
frequency  oi  N  +  n  and  N  --  n. 

Viewed  dynamically  the  equations  show  what  forces  are  neces- 
sary to  produce  the  above  changes.  If  the  ion  rotate  with  an 
angular  velocity  U,  and  the  orbit  itself  rotate  about  an  axis  passing 
through  the  center  of  force,  and  having  a  direction  (/;«;/)  with  an 
angular  velocity  lo^  then  the  component  velocities  referred  to  the 
rotating  orbit  are 


«  = 


dx 
dy 


—  iony  +  vDmz 


v^  -J-  ^  —  iolz  +  wnx 
at 

dz 
u/  =  -J-  s=  —  iomx-\-  my 


(4> 


The  component  accelerations  are 
du 


dt 
dv 
dt 


=  —  ionv  +  (omw 


=  —  colw  +  a)nu 


dw  , 

— T-  =  —  iomu  +  mv 
at 


(5> 


Expanding  equation  (5)  from  equation  (4)  the  acceleration  along 
the  axis  of  X  is 


du 
'di 


dt^" 


dy  dz  (dy         ,  \ 

—  €on-T-  +  (om  -J  —  wn  {-,-  —  wiz  +  lonx  I 

+  <^^\^  —  (omx  +  (olyi 


which,  by  adding  the  term  a}l{o)lx  —  colx)  and  remembering  that 
/*  -I-  ;/^  -I-  «*  =»  I,  reduces  to 
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d^x  i   dy  dz 


de 


(dy  dz  \ 

/^  ^-  —  /«  -^  I  —  ay^x  +  (oH(lx  +  my  +  nz). 


Two  similar  expressions  give  the  acceleration  along  the  Fand  Z 
axes. 

The  total  acceleration  experienced  by  the  ion  is  then 

+  io^x  +  ioH(lx  +  my  +  nz) 
l'--i2!)'-§'=etc.  (6) 

In  the  case  of  a  magnetic  field  of  force,  if  the  axes  of  Z  be  taken 
parallel  to  the  magnetic  field  then  (/,  w,  n)  become  equal  to  (0,0, 1 ) 
and  equations  (6)  reduce  to 

dy^ 


X=^ii^x+  io''x+2io^^ 


dx\'  (7) 

F=  —  Q'^y  -f-  lo^y  —  2w  -,- 

Z=^iPz 

Now  the  central  force  producing  the  original  rotation  is  Q'^x.     The 

dy 
perturbing  forces  are  then  represented  by  the  terms  cti^x  +  2a>  3- 

,0  ^^   ^        .  .       ,        .  .  .  dy       ^  dx 

and  io^y  —  2  (a  f.  •  bxammmg  these  it  is  seen  that  2io  ->    and  —  2a>  ^y- 

are  the  ^and  K  components  of  a  force  icov  acting  perpendicularly 
to  V,  the  linear  velocity  of  the  ion.  If  then  a  charged  ion  move  in  a 
magnetic  field  with  a  velocity  Vy  2iov  is  the  force  it  would  experience 
due  to  the  magnetic  field.  The  terms  w'^x  and  ai^y  represent  cen- 
trifugal forces  due  to  the  impressed  velocity  co,  and  in  the  first 
approximation  may  be  neglected.  Finally,  \{  K^  2a>,  the  above 
equations  become  identical  with  those  of  Lorentz. 

Equations    (6)   and   (7)    are   suflficiently   general    to   cover   all 
hitherto  observed  phenomena.     Thus  to    explain  the  case  where 
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the  central  line  of  the  triplet  (line  2,  Fig.  2)  is  doubled,  it  is  only- 
necessary  to  write  the  equation  for  Z  in  the  form  Z^  A  sin  Ht 
where  -<4  is  a  periodic  function  of  /  of  the  form  A^asm  nt,     Sub- 

stituting  this  in  the  equation  -7^  =  —  iPz  and   integrating   we   get 

Z=i  a  sin  nt  sin  ii  t^  a/2  [cos  {S  —  //)/—  cos  {Si  +  ^)  ^] , 
which  represents  two  vibrations  of  frequency 

(Q  zt  n)/27r.  (8> 

The  case  of  reversed  polarization  may  be  covered  by  supposing 
the  value  of  «  to  be  such  as  to  separate  the  components  sufficiently 
to  place  them  outside  the  other  lines  of  the  triplet.  In  a  similar 
manner  the  doubling  of  the  outer  members  of  the  triplet  may  be 
accounted  for  which  would  also  cover  the  case  of  a  quartet  when 
viewed  parallel  to  the  magnetic  field.  In  this  way  all  the  various 
cases  of  multiple  lines  are  satisfactorily  explained. 

Reverting  to  equations  (2)  and  (3)  we  see  that  the  change  of 
period  of  the  ion  is  expressed  by  the  equation, 

T^  T'  ^  ^^^^       ^^^ __ 
-~K~'  2K^Tn 

The  proportional  change  will  then  be 

T      ""  2Ks/'nt      nt  4^" 

2::^fft 
since  K^ — y" 

Finally,  since  7^=  -  and  P  =  —  where  v  =  velocity  of  light,  this 

X^)J       e   H 
becomes  — ry-  = .  (q> 

Where    I  =  wave-length  of  the  spectral  line  for  zero  magnetic  field. 
//  =  wave-length  of  the  spectral  line  with  magnetic  field. 
If  ss  velocity  of  light,  300,000,000  cm. 
H  =  intensity  of  magnetic  field  in  C.  G.  S.  units. 
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Equation  (9)  may  be  written 

Tn         ^11 


(10) 


and  it  is  seen  that  a  measurement  of  the  change  of  wave-length  en- 
ables us  to  determine  the  ratio  of  the  ionic  cliarge  to  the  ionic  mass, 

Zeeman^  finds  for  this  ratio,  in  the  case  of  the  blue  line  of  Cd 
(^  =  4800)  24  X  IO^  while  Preston^  has  found  that  this  value 
must  be  determined  separately  for  each  line,  but  that  a  possible 
classification  of  lines  may  be  made  similar  to  the  chemical  classifi- 
cation of  Keyser  and  Runge.^ 

Another  interesting  and  significant  observation  is  that  of  Ames* 
et.  alt.  who  find  that  in  the  case  of  some  iron  lines,  there  appears  to 
be  no  magnetic  effect,  while  those  lines  which  show  the  greatest 
magnetic  shift  are  the  ones  which  show  the  greatest  pressure  shift 
aud  those  which  show  but  little  magnetic  shift  are  the  ones  of  little 
pressure*  shift. 

The  present  status  of  the  subject  may  be  summarized  as  follows : 

1.  In  general,  spectral  lines  are  influenced  by  the  magnetic  field 
when  the  radiations  emanate  from  a  source  of  light  in  the  magnetic 
field.^  The  magnetized  system  of  lines  is  symmetrical  with  respect 
to  the  original  unmagnetized  line.  New  spectral  lines  may  be  pro- 
duced by  the  magnetic  field.^ 

2.  Viewed  parallel  to  the  magnetic  field  the  spectral  line  is,  in 
general,  doubled,  but  it  may  become  a  single  or  multiple  line.  In 
the  case  of  a  single  line  there  is  no  polarization  f  in  all  other  cases 
the  components  are  circularly  polarized  ;  the  shorter  wave-length  in 
the  direction  of  the  magnetizing  current,  the  longer  wave-length  in 
the  opposite  sense. 

3.  Viewed  in  a  direction  perpendicular  to  the  magnetic  field  the 

>Acad.  Amsterdam,  1897-1898,  p.  260. 
«Phil.  Mag.  (5),45.  P-  337. 
»\Vied.  Ann.,  Bd.  XLIII.,  p.  394,  1891. 
<  Astro.  Phys.  Jr.,  8,  p.  50,  1 898. 
*  Astro.  Phys.  Jr.,  6,  p.  169,  1897. 
6  Astro.   Phys.  Jr.,  8,  p.  49. 
^  Astro.  Phys.  Jr.,  9,  p.  47. 

8  This  would  be  true  of  the  lines  seen  by  Becquerel  and  Ames,  showing  reversed 
polarization,  when  viewed  parallel  to  the  magnetic  field. 
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outer  components  are  plane  polarized  so  that  their  vibrations  are  per- 
pendicular^ to  the  magnetic  field  ;  the  inner  components  having  their 
vibrations  parallel  to  the  magnetic  field. 

4.  The  general  form  of  the  line  viewed  perpendicularly  to  the 
magnetic  field  is  a  triplet,  but  it  is  sometimes  of  complex  structure. 

5.  The  amount  of  magnetic  action,  measured  in  change  of  period 
of  the  spectral  line,  is  not  a  simple  function  of  the  wave-length  ;  nor 
is  it  a  constant  for  all  wave-lengths  ;  nor  a  constant  for  all  lines  of 
a  given  substance ;  nor  is  it  a  simple  function  of  wave-length  for 
the  lines  of  a  given  substance. 

6.  The  magnetic  action  is  proportional  to  the  field  strength  (being 
limited,  however,  by  temperature  and  pressure) ;  and  there  appears 
to  be  a  possible  classification  following  the  chemical  classification  of 
MendelejefTand  of  Kayser  and  Runge. 

Part  Two.     Experimental  Work. 
fpitroductory  Note, — From  the  foregoing  survey  of  the  subject  we 
are  led  to  believe  that  a  comprehensive  study  of  the  problem  con- 
sists essentially  of  two  parts  : 

1.  A  qualitative  analysis  of  as  many  spectral  lines,  emanating 
from  as  many  different  substances  as  possible,  with  a  classification 
according  to  the  type  of  line  produced. 

2.  Quantitative  measurements  of  the  change  of  wave-length  and 
of  the  ratio  elm,  and  a  classification  based  upon  these  measurements. 

All  spectral  lines  belonging  to  the  same  group  in  both  classifica- 
tions may  then  be  regarded  as  possessing  related  properties,  and 
the  ratio  elm  as  determined  from  such  a  group  of  lines  should  have 
the  same  value. 

Such  a  series  of  observations  would  as  Preston  remarks  **  afford 
a  valuable  means  of  inquiry  into  the  so  far  hidden  nature  *  *  *  of 
the  radiation  from  a  luminous  body,  and  also  give  us  some  clearer 
insight  into  the  structure  of  matter  itself.*' 

Outline  of  Work, — In  the  following  research  the  complete  study 
of  the  subject  was  not  attempted,  this  being  manifestly  too  great  a 
task  for  the  limited  time  available.  The  preliminary  ground  has, 
however,  been  cleared  and  a  beginning  made. 

»  Excqjtion,  see  Astro.  Phys.  Jr.,  8,  p.  50,  1898. 
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The  work  was  subdivided  as  follows : 

Section  I.  A  preliminary  survey  of  the  field  with  a  view  of  de- 
termining the  conditions  limiting  the  observation  of  the  magnetic 
phenomenon. 

Section  II.  A  comparison  of  the  ease  of  manipulation  and  range 
of  the  two  methods  outlined  above. 

Section  III.  To  ascertain  whether  the  magnetic  effect  is  radi- 
cally different  at  different  temperatures. 

Section  IV.  To  measure  the  magnetic  shift  of  as  many  lines 
as  the  time  available  would  permit ;  studying,  also,  the  state  of 
polarization  of  the  components. 

Section  I.   A  Preliminary  Survey  to  Determine  the  Conditions 
Li.MiTiNG  the  Observation  of  the  Magnetic  Phenomena. 

Apparatus.  I.  Magnet. — This  was  of  the  usual  upright  type ; 
the  base,  cores,  coils,  pole  heads,  and  cores  to  pole  heads  are  all 
separable ;  the  base  and  cores  to  the  pole  heads  are  of  mild  steel, 
the  rest  of  the  magnetic  circuit  being  made  of  that  form  of  cast  iron 
known  as  Mitis  MetaL  An  elevation  of  the  magnet  is  shown  in 
Fig.  4,  drawn  to  ]^  scale. 


u 


u 


Fig.  4. 


The  cores  to  the  pole  heads  are  one  inch  in  diameter,  and  it  soon 
became  apparent  that  they,  together  with  the  mass  of  iron  behind 
them,  tended  to  lower  the  temperature  of  the  flame.     A  second 
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pair  of  cores  was  made  of  the  form  shown  in  Fig.  5.     This  form 

also  concentrated  the  magnetic  field,  thereby  increasing  its  strength. 

A  third  core  was  prepared  similar 

to  those  shown  in  Fig.  4,  with  a 

^:^-inch  hole  throughout  its  length  ; 

this  core  was  for  use  in  viewing:  the 

Fig.  5. 
flame  parallel  to  the  magnetic  field. 

II.  The  Flame. — The  flame  of  a  small  Bunsen  burner  was  first 
used  but  was  found  to  be  too  large.  A  small  blast  lamp  was  then 
made  of  glass,  and  a  foot  bellows  used.  This  gave  a  small  conical 
jet  of  flame  about  3  inches  high  when  the  blast  was  inactive,  and 
about  }^  inch  high  with  the  blast.  This  form  of  la  up,  shown  in 
Fig.  6,  proved  highly  satisfactory.* 

To  color  the  flame  a  strip  of  asbestos  wick  supported  by  platinum 
wire  was  first  used.     A  bead  of  fused  sodium  carbonate  was  also 

used,  and,  finally,  a  rod  of 


r,\\ 


Fig.  6. 


sodium  glass  was  adopted 
as  needing  the  least  atten- 
tion. When  a  very  bright 
flame  is  used  recourse  to 
the  fused  bead  may  be  had, 
.^(^cM  but  such  a  flame  generally 
gives  rise  to  spontaneous 
reversals.  In  the  latter  ex- 
periments the  glass  lamp 
was  set  aside  for  the  burner 
of  an  oxy-hydrogen  lamp, 
and  the  foot-blast  was  re- 
placed by  an  oxygen  tank. 


III.  Dispersion  Apparatus. — The  first  trials  were  made  with  a 
plane  grating  spectroscope  ;  the  higher  spectra  were  especially  dim. 
Xo  success  was  attained  with  this  apparatus.  Next  a  Rowland 
concave  grating  of  14,436  lines  to  the  inch  and  five  feet  focal  dis- 
tance was  mounted  at  one  end  of  the  table,  the  magnet  being  at  the 
other  end.     The  spectrum  was  viewed  with  a  telescope.     It  was 

*  In  time  the  glass  about  the  opening  cracks  away  but  the  whole  lamp  is  easy  of  con- 
struction. 
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with  this  mounting  and  with  an  oxygen  gas  flame  that  the  first  re- 
sults confirmatory  of  Zeeman*s  work  were  obtained. 

The  arrangement  of  apparatus  is  shown  in  Fig.  7.     The  lines 
Z^j  D^  were  very  sharp  and  bright.     When  the  current  was  turned 


jV -.4^ 


Fig.  7. 

on  each  line  grew  broad  and  after  a  few  seconds  became  distinctly 
double,  a  sharp  dark  line  separating  the  components  throughout 
their  whole  length.  The  lines  were  visibly  brightened,  as  was  also 
the  whole  flame. 

When  the  current  was  interrupted  the  lines  appeared  to  collapse, 
and  after  a  second  or  so  would  again  become  sharp.  Frequently 
the  doubling  of  the  lines  would  persist  for  a  few  seconds  after  the 
curreit  was  broken  and  the  dark  dividing  line  could  be  seen, 
though  narrower  than  with  the  full  field. 

For  the  doubling  a  field  strength  of  about  1 8,000  C.  G.  S.  units 
was  used,  with  weaker  fields  only  a  broadening  of  the  line  could  be 
observed. 

Polarization, — With  zero  field  the  light  was  found  to  be  slightly 
polarized  by  reflection   from  the  grating.     The  polarization  with 

full  field  is  represented  in  Fig.  8,  the  ac- 
celerated components  D^,  D^  harmon- 
ize in  their  sense  of  rotation  with  the 
magnetizing  current.  The  y^  /  plate 
reduces  the  circular  polarization  to  plane 
polarization. 

Viewing  the  flame  in  a  plane  perpen- 
dicular to  the  magnetic  field  the  pole  cores  shown  in  Fig.  5  were 
used.  The  tripling  can  best  be  observed  by  means  of  the  nicol ; 
w  ithout  the  nicol  the  tripling  could  be  faintly  seen,  but  the  strength 
of  field  necessary  and  the  instrumental  difficulties  present  make  the 


Fig.  8. 


Fig.  9. 
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observation  of  the  phenomena  far  from  satisfactory.  The  planes  of 
vibration  of  the  components  are  shown  in  Fig.  9.  As  no  quarter 
wave  plate  is  used  this  is  the  state  of  vibration  in  the  ray  of  light 
itself 

It  being  apparent  that  no  measurements  could  be  taken  without 
resorting  to  photography,  the  study  was  concluded  at  this  point 
and  work  with  the  interferometer  begun. 

Summary,  The  following  points  may  be  noted  as  covering  the  first 
point  aimed  at  in  the  work  : 

1.  The  magnetic  separation  of  the  sodium  lines  Z)j  D^,  as  given 
by  a  naked  flame,  cannot  be  distinctly  observed  at  the  temperature 
of  the  Bunsen  flame,  nor  of  the  air-blast  flame,  nor  even  at  the  tem- 
perature of  the  oxygen  gas  flame,  unless  precautions  are  taken 
against  spontaneous  reversals. 

2.  The  phenomenon  can  be  much  more  satisfactorily  observed 
parallel  to  the  magnetic  field  when  perpendicular  to  it,  as  the 
strength  of  field  necessary  to  produce  a  pure  (or  visual)  triplet  is 
twice  that  necessary  to  produce  the  doublet. 

3.  There  is  a  very  perceptible  time  lag  both  when  the  magnet 
is  excited  and  when  the  current  is  broken,  during  which  period  the 
lines  show  an  inertia  effect.  This  lag  does  not  seem  to  be  wholly 
due  to  the  self-induction  of  the  fields,  but  may  be  partially  vis- 
ual and  partially  ionic. 

4.  A  field  [strength  of  at  least  15,000  C.  G.  S.  units  seems  to  be 
necessary  for  satisfactory  observation. 

5.  Spectra  above  the  second  order  are  too  faint  for  good  effects. 

Physical  Laboratory, 

University  of  Wisconsin,  April,  1899. 

To  be  continued. 
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THE  ELECTRICAL  RESISTANCE  OF  LEAD  AMALGAMS 
AT  LOW  TEMPERATURES. 

By  George  W.  Gressman. 

THE  purpose  of  the  work  described  below  was  two-fold :  to  de- 
termine the  temperature  coefficient  for  resistance  of  some  of  the 
lead  amalgams,  and  to  locate  their  freezing  points  by  means  of  the 
great  decrease  in  resistance  that  occurs  when  the  amalgam  passes 
from  the  liquid  to  the  solid  state.  Although  the  work  is  not  yet  com- 
pleted, nor  even  entirely  satisfactory,  the  results  obtained  seem  of 
sufficient  interest  to  warrant  publication. 

So  far  as  the  writer  has  been  able  to  learn,  no  attempt  prior  to  this 
has  been  made  to  determine  the  temperature  coefficient  for  lead 
amalgams.  G.  Tammann*  and  D.  Mazzotto,^  however,  have  deter 
mined  the  freezing  point  of  many  lead  amalgams.  Unfortunately  the 
articles  by  Mazzotto  are  not  at  my  disposal,  so  that  no  comparison 
can  be  made  with  his  results.  Since  the  amalgams  considered  in  this 
paper,  with  one  exception,  contain  from  four  to  twenty-five  per  cent,  of 
lead,  merely  a  qualitative  comparison  can  be  made  with  the  results  ob- 
tained by  Tammann,  as  he  experimented  only  with  dilute  amalgams. 
Still,  the  two  sets  of  experiments  do  supplement  each  other  and  show 
that,  in  general,  lead  amalgams  have  a  higher  freezing  point  than  pure 
mercury.  Neither  are  lead  amalgams  the  only  exceptions  to  the  gen- 
eral law  that  a  solution  has  a  lower  freezing  point  than  the  solvent. 
Tammann  found  that  cadmium,  gold,  and  tin  amalgams  agree  with 
the  lead  amalgams  in  this  respect,  while  Van  Bylert  has  shown  that 
a  rise  in  the  freezing  point  occurs  in  solutions  of  antimony  in  tin  ; 
other  writers  have  found  similar  results  for  naphthal  in  napthalene 
and  carbazol  in  phenanthrene. 

J.  H.  Van't  Hoff^  explains  this  rise  in  the  freezing  point  as  prob- 

>Zeitschrift  fUr  Physikalische  Chemie,  Band  3,  1889. 

^Estratto  d.  atti  d.  Islituto  Vcneto  d.  sc.  lettere  ed.  arti,  iS9:-93. 

'  Berichte  d.  deutsch.  chem.  Gesellschaft.,  27,  1894. 
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ably  due  to  the  fact  that  the  dissolved  substance  and  the  solvent,  are 
frozen  out  together.  He  says  :  "  If  the  solvent  upon  being  frozen 
is  able  to  carry  down  some  of  the  dissolved  body,  its  vapor  pressure 
diminishes  and  the  freezing  point  correspondingly  rises." 

Preparation  of  Amalgams. 

The  mercury  that  entered  into  the  composition  of  the  amalgams 
had  been  distilled  and  afterward  cleansed  by  passing  slowly  first 
through  concentrated  sulphuric  acid,  and  then  through  mercurous 
sulphate.  Most  of  the  lead  was  such  as  is  ordinarily  furnished  as 
chemically  pure.  The  percentage  of  lead  in  each  amalgam  was  ob- 
tained by  weighing  the  lead  and  mercury  separately,  and  then  com- 
puting the  number  of  parts  of  lead  in  one  hundred  parts  of  the  so- 
lution. Since  the  amalgams  were,  for  the  most  part,  prepared  by 
fusing  the  lead  and  then  adding  the  mercury  after  the  lead  had 
cooled  down  nearly  to  the  point  of  solidification,  the  percentages 
given  are  subject  to  a  slight  error  due  to  the  vaporization  of  a 
small  fraction  of  the  mercury  upon  adding  it  to  the  heated  lead. 

All  apparatus  brought  in  direct  contact  with  the  amalgam  or 
either  constituent  was  cleansed  with  nitric  acid,  rinsed  with  alcohol, 
and  thoroughly  dried.  Hence  the  amalgams  can  be  considered  free 
from  impurities. 

Apparatus. 

The  amalgams  were  contained  in  small  U-tubes,  varying  from  i 
to  2  mm.  in  diameter,  being  expanded  at  the  ends  sufficiently,  how- 
ever, to  insert  suitable  terminals.  Closely  around  this  tube,  from 
end  to  end,  was  wound  a  small  coil  of  copper  wire,  by  means  of 
which  the  temperature  was  measured.  After  the  tube  had  been 
filled  with  the  amalgam,  it  was  immersed  in  a  test  tube  containing 
glymol.  This  prevented  the  temperature  wire  from  coming  in  direct 
contact  with  the  freezing  mixture,  and  also  protected  against  too 
sudden  changes  of  temperature.  The  test  tube  was  placed  inside  of 
another  tube  containing  ether,  into  which  solid  carbon  dioxide  could 
be  introduced  in  small  quantities,  thus  gradually  reducing  the  tem- 
perature below  the  freezing  point  of  the  amalgam.  In  order  to 
preserve  the  freezing  mixture,  the  tube  containing  it  was  enclosed 
by  an  air  space  filled  lightly  with  mineral  wool,  to  prevent  convec- 
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tion   currents,  and  then  surrounded  by  a  cooling  bath  of  ice  and 
snow. 

Measurement  of  Resistance. 

Since  this  work  is  concerned  with  resistance  only  so  far  as  it  de- 
pends upon  the  temperature,  all  resistances  were  measured  in  terms 
of  an  arbitrary  standard  by  the  fall  of  potential  method.  The  stand- 
ard resistance  consisted  of  a  small  coil  of  German  silver  wire  care- 
fully wound  with  asbestos  paper  to  protect  it  from  sudden  changes 
of  temperature.  As  the  temperature  of  the  room  never  changed  to 
any  considerable  extent  during  a  single  experiment,  and  in  addition* 
the  temperature  coefficient  of  the  German  silver  wire  is  approxi- 
mately one-tenth  that  of  the  copper  wire,  any  variation  in  the 
resistance  of  the  standard  wire,  due  to  the  slight  change  in  the 
temperature,  was  negligible. 

A  sensitive  galvanometer,  having  a  resistance  about  one  thousand 
times  as  large  as  the  unknown  resistance,  was  used  to  measure  the 
fall  of  potential.  Hence  by  connecting  the  amalgam,  the  tempera- 
ture wire,  and  the  standard  resistance  in  series,  three  galvanometer 
readings  were  sufficient  to  determine  the  temperature  and  resistance 
of  the  amalgam  at  any  time  ;  for  the  ratio  of  the  fall  of  potential  in 
the  amalgam  or  temperature  wire  to  that  in  the  standard  resistance 
will  give  the  corresponding  resistance  in  terms  of  this  standard. 

In  order  to  eliminate  the  error  which  might  arise  from  a  lag  in 
the  amalgam  taking  on  the  temperature  of  the  copper  wire,  the  solid 
carbon  dioxide  was  added  in  small  quantities,  so  that  measurements 
could  be  made  during  the  process  of  cooling  down  as  well  as  that 
of  warming  up.  Furthermore,  time  was  recorded  in  all  cases,  and 
an  effort  was  made  to  have  the  warming  up  take  place  with  the 
same  rapidity  as  the  cooling  down.  In  general,  the  amalgams 
warmed  up  along  the  same  curve  as  they  had  cooled  down,  but 
when  there  was  any  discrepancy  the  curve  was  drawn  through  the 
mean. 

Reduction  to  Centigrade  Scale. 
For  the  purpose  of  converting  *'  copper  degrees  "  into  degrees 
centigrade,  the  temperature  coefficient  of  a  specimen  of  the  copper 
wire  was  carefully  determined  in  connection  with  Mr.  A.  H.  Thies- 
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sen.*  Tests  were  also  made  with  the  exact  piece  of  wire  used 
in  measuring  the  temperature,  and  the  average  value  obtained  Avas 
.00405.  At  first  an  attempt  was  made  to  wind  the  copper  wire 
on  the  tube,  and  then  calibrate  it  by  means  of  direct  observations 
and  the  temperature  coefficient.  Thus  the  temperature  correspond- 
ing to  any  resistance  of  the  copper  wire  could  have  been  read  di- 
rectly from  a  calibration  curve,  which  would  have  rendered  it  a 
fairly  convenient  thermometer.  This  project  was  soon  found  to  be 
impracticable,  owing  to  the  fact  that  the  absolute  resistance  of  the 
temperature  wire  was  not  constant,  since  it  was  frequently  broken 
when  cleaning  the  tubes,  and  also  different  lengths  were  used  upon 
different  tubes.  Consequently,  the  temperature  of  the  wire  was 
accurately  measured  to  tenths  of  a  degree  by  a  mercury  thermometer 
at  the  beginning  of  each  experiment.  Then,  knowing  the  tempera- 
ture coefficient,  the  resistance  of  the  wire  at  o°C.  can  easily  be  ob- 
tained from  the  equation 

R,  =  Rll+at), 
from  which 

where  R^  is  the  resistance  of  the  wire  at  /^C,  R^  the  resistance  at 
o°C.,  and  a  the  temperature  coefficient.  The  equation  also  shows 
that  the  change  of  resistance  per  degree  centigrade  is  R^a,  Hence, 
knowing  the  temperature  coefficient  and  the  temperature  at  the 
beginning  of  the  experiment,  any  resistance  of  the  copper  wire  can 
readily  be  reduced  to  the  corresponding  'temperature  on  the  Centi- 
grade scale. 

Results. 
After  converting  the  resistances  of  the  copper  wire  into  degrees 
Centigrade  by  means  of  the  above  formula,  the  resistances  of  the 
amalgam  were  plotted  as  ordinates  and  the  temperatures,  as  abscissas. 
The  exact  path  of  some  of  the  curves  may  be  questionable  ;  yet, 
since  several  tests  were  made  for  each  amalgam,  sufficient  points 
were  obtained  to  locate  the  curves  satisfactorily. 

"This  value  of  the  temperature  coefficient  differs  about  1.2  per  cent,  from  .00410,  the 
▼alue  determined  by  Professors  Dewar  and  Fleming. 
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Upon  examining  the  curves  in  Figs.  1-4  we  find  at  least  two 
prominent  breaks,  which  indicate  a  change  of  state  in  the  substance. 
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Fig.  1.     Lead  Amalgam,  4.2%. 

The  curves  from   30°C.  to  the  freezing  point  are  but  slightly  in- 
clined to  the  X  axis.     When  the  amalgam  begitis  to  freeze,  how- 
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Fig.  2.     Lead  Amalgam,  7. 1%. 

ever,  the  resistance  drops  off  so  suddenly  that  the  curve  runs  at 
nearly  right  angles  to  its  former  direction.     After  the  process  of 
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freezing  is  completed,  the  curve  continues  nearly  parallel  again  to 
the  first  portion.     The  resistance  increased  to  such  an  extent  upon 


1.0 

0.9 

^1 

0.8 

< 

) 

0.7t 

/ 
/ 

/ 

0.5' 

f 

0.4 

/ 

aa 

/ 

o.« 

— ' 

/ 

0 

3.1 

30". 

ro°- 

on". 

TEMPrRATURC  — 

50**  -J40'  -130"  - 

lO** 

0' 

lO** 

JO" 

ao" 

Fig.  3.    Lead  Amalgam,  11.2%. 

freezing  that  in  some  cases  the  resistance  of  the  solid  amalgam  was 
only  one-fourth  that  of  the  liquid  amalgam.  Although  the  resistance 
drops  off  so  suddenly,  it  was  not  possible  to  obtain  a  curve  which 
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Fig.  4.    Lead  amalgam,  about  25%.    Viscid. 

indicated  that  the  process  of  freezing  took  place  at  exactly  one 
temperature,  as  in  case  of  the  conversion  of  water  into  ice.     The 
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character  of  the  curve  suggests  what  might  be  termed  a  freezing 
point  and  a  mehing  point ;  the  former  the  temperature  at  which  the 
amalgam  begins  to  freeze,  and  the  latter  the  temperature  at  which 
the  entire  specimen  of  the  amalgam  becomes  a  solid  and,  conse- 
quently, the  temperature  at  which  it  begins  to  melt. 

Melting  Point. 

The  melting  point  seemed  considerably  the  more  difficult  to  locate. 
This  was  undoubtedly  due  to  the  fact  that  the  solid  amalgam  grad- 
ually softened,  causing  the  resistance  to  increase  slowly  at  first  and 
then,  upon  changing  into  a  liquid,  the  resistance  increased  very  rap- 
idly until  it  was  entirely  converted  into  a  liquid.  That  the  amalgams 
did  soften  before  melting  is  shown  by  the  curves  in  Figs.  1—4,  for 
the  junction  of  the  second  and  third  portions  of  the  curves  would 
form  a  sharp  angle  as  the  first  and  second  parts  do,  if  the  solid 
changes  at  once  into  a  liquid.  At  present  all  that  can  be  definitely 
stated  in  regard  to  the  melting  point  is  that  usually  the  more  lead 
the  amalgam  contains,  the  lower  is  the  melting  point.  Thus  the 
25  per  cent,  amalgam.  Fig.  4,  began  to  melt  at  about  —  55°,  while 
the  4.2  per  cent,  amalgam,  Fig.  i,  melted  at  about  —  45°. 

Freezing  Point. 
The  freezing  point  of  the  amalgam  was  easily  located,  since,  in 
every  instance,   the  resistance  dropped  off  very  suddenly  as  the 
amalgam  began  to  freeze. 

Table  of  Freezing  Points, 


Composition. 

Preexing  Points. 

Average. 

Pure  Hg. 

-38.8°  C. 

-38.8°  C. 

4.2%  Pb. 

-37.8 
-37.6 

-37.7 

7.1%  I1>. 

-37.1 
-36.9 
-37.0 

-37.0 

11.2%  Pb. 

-30.2 
-30.0 

-30.1 

Viscid  Amalgam  (25%  Pb). 

-37.6 
-37.7 

-37.65 

Eutectic  Alloy. 

-40.0 
-40.0 

-40.0 

2.4%  Solder  (Pb  and  Sm). 

-33.1 

-33.1 
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Upon  examining  the  above  table  we  find  that,  barring  the  ex- 
tremes (where  the  amalgam  is  viscid  and  the  eutectic  *  alloy),  the 
rise  in  the  freezing  point  depends  upon  the  amount  of  lead  in, solu- 
tion. Thus  the  4.2  per  cent,  amalgam,  Fig.  i,  froze  at  —  37.7^ 
and  the  1 1.2  per  cent,  amalgam,  Fig.  3,  froze  at  —  30.1°. 

NON-HOMOGENEITY    OF   THE  AmALGAMS. 

When  the  curve  for  the  1 1.2  per  cent,  amalgam  was  plotted,  a 
peculiar  break  was  found  in  the  second  portion  of  the  curve.  The 
amalgam  plainly  began  to  freeze  at  —  30.  i  °,  but  suddenly  the  temper- 
ature decreased  to  about  —  40°.  Although  the  test  was  repeated  with 
similar  results  the  exact  path  could  not  be  determined.  The  curves^ 
for  the  other  amalgams  was  then  inspected,  and  similar  breaks,  only 
far  less  noticeable,  were  observed  in  them  as  is  shown  in  Figs,  i,  2 
and  4.  This  was  taken  to  indicate  that  the  amalgams  are  not  ho- 
mogeneous, and  the  second  break  marks  the  freezing  point  of  one 
particular  amalgam.     Many  alloys  do  possess  a  second   freezing; 
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Fig.  5.    Lead.     Eutetic  alloy. 

point  which  corresponds  to  the  freezing  point  of  the  eutectic  alloy. 
Hence  if  the  lead  amalgams  do  consist  of  a  mixture,  having  differ- 
ent  freezing  points,  it  was  supposed  that  the  one  having  the  lowest 

*  The  alloy  having  the  lowest  freezing  point  of  any  combination  of  the  metals  in  ques-* 
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freezing  point  could  be  separated  by  freezing  the  larger  part  of  the 
amalgam  and  then  pouring  off  the  sriiall  part,  still  liquid.  Upon 
treating  a  dilute  amalgam  in  this  manner,  the  part  remaining  was 
found  to  freeze  at  —  40°  C.  This  agrees  almost  exactly  with  the 
second  break  of  the  amalgams  as  noted  above ;  thus  corroborating 
the  supposition  made  that  the  amalgams  do  possess  a  second  definite 
freezing  point. 

Viscid  Amalgam. 
That  the  amalgams  are  not  homogeneous  is  proven  by  the  fact 
that  whenever  an  amalgam  contained  5  per  cent,  or  more  of  lead,  a 
thick  mass  separated  out,  which,  however,  could  be  converted  into  a 
pure  liquid  by  trituration  or  heating.  The  more  lead  the  amal- 
gam contained  the  more  of  this  viscid  amalgam  was  formed.  As 
near  as  could  be  determined  without  a  chemical  analysis,  this 
amalgam  contained  about  25  per  cent,  of  lead,  and  proved  to 
be  especially  interesting.  An  amalgam  was  formed  contain- 
ing about  20  per  cent,   of   lead  from  which  the   thick  mass  was 
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Fig.  6.     Lead  amalgam,  about  25%  lead.    Viscid. 

and  carried  through  a  range  of  temperature  from  90°  to  —  60°. 
The  temperature  curve  obtained  is  approximately  a  straight  line 
from  32°  to  —  37.7°  (see  Figs.  4  and  6).  At  the  latter  temperature 
theresistance  of  the  amalgam  dropped  off  very  suddenly  and  it  froze 
like  the  other  amalgams.  In  the  neighborhood  of  32°  the 
temperjiture  coefficient  became  negative  and  remained  negative  and 
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approximately  constant  to  90°.  This  seems  especially  remarkable, 
since  the  thick  mass  changed  into  a  definite  liquid  during  this  rise 
in  temperature,  and  from  analogy  with  the  other  amalgams  one 
would  expect  it  to  have  a  comparatively  large  temperature  coeffi- 
cient. Furthermore,  for  no  temperature  between  —  10°  and  90°, 
did  its  resistance  differ  more  than  one  and  one-half  per  cent,  from 
that  at  ordinary  temperatures.' 

Temperature  Coefficients  of  Other  Amalgams. 

Owing  to  the  fact  that  the  resistance  of  nearly  all  the  amalgams 
were  at  least  one  per  cent,  larger  at  ordinary  temperatures,  after 
having  been  cooled  down  or  warmed  up  to  any  considerable  extent, 
but  little  accurate  work  could  be  done  in  determining  the  tempera- 
ture coefficients.  The  7.  i  per  cent,  amalgam  was  especially  erratic. 
Frequently  it  could  be  cooled  down  20°  or  more  with  scarcely  a 
perceptible  change  in  the  resistance,  but,  upon  allowing  it  to  warm 
up,  its  resistance  would  increase  quite  suddenly  about  one  per  cent., 
after  which  it  would  again  have  a  very  small  temperature  coefficient. 
This  change  of  resistance  is  probably  due  to  a  change  in  state  of 
some  portion  of  the  amalgam. 

While  the  temperature  coefficients  could  not  be  accurately  de- 
termined, observations  were  sufficient  to  show  that  all  the  amalgams 
investigated  have  a  smaller  temperature  coefficient  than  pure  mer- 
cur>',  and  that  for  those  containing  a  large .  percentage  of  lead,  it  is 
very  small. 

Physical  Laboratory  of  Cornell  University. 

*  This  experiment  was  repeated  several  times,  with  both  increasing  and  decreasing 
temperatures,  and  three  of  the  curves  approximately  coincided.  The  principal  difficulty 
was  to  obtain  the  exact  temperature  at  which  the  temperature  coefficient  changed  from  a 
positive  to  a  negative  value,  and,  also,  the  nature  of  the  curve  during  this  change.  As 
the  time  for  this  work  was  limited,  and  the  difficulty  could  not  be  easily  overcome,  since 
the  change  of  resisunce  per  degree  was  so  slight,  the  sharp  angle  at  32°,  indicated  in 
.  Fig.  6,  may  not  be  absolutely  correct.  The  general  path  of  the  curve,  however,  is  un- 
questionably correct. 
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THE   WEHNELT   ELECTROLYTIC    BREAK. 
By  W.  J.  Humphreys. 

THE  Wehnelt  electrolytic  break,  as  is  generally  known,  consists 
essentially  of  a  small  positive  and  a  large  negative  electrode  in 
an  electrolyte  of  good  conductivity.  This  arrangement,  in  series 
with  the  primary  of  an  induction  coil,  under  proper  conditions, 
makes  and  breaks  the  circuit  in  a  manner  that  often  gives  better  re- 
sults than  can  be  obtained  with  any  other  known  device. 

The  ease  with  which  this  break  can  be  constructed  and  the  ex- 
cellence of  its  action  caused  me,  as  they  have  many  others,  first  to 
try  it  and  then  to  adopt  it  for  most  work  with  induction  coils.  Nat- 
urally, the  instrument  being  new  to  me,  I  tried  it  under  a  variety  of 
circumstances  and,  as  in  certain  cases  the  conditions  of  my  experi- 
ments and  the  resulting  phenomena  are  different  from  those  de- 
scribed by  other  observers,  it  seems  worth  while,  owing  to  the  im- 
portance of  this  remarkable  break,  to  publish  them. 

The  currents  used  were  furnished,  in  nearly  all  cases,  by  a  storage 
battery  giving  any  voltage  up  to  75.  A  direct  I  lo-volt  circuit  was 
also  tried,  but  did  not  suit  the  experiments  so  well. 

For  the  sake  of  clearness  and  ease  of  reference  I  shall  group  the 
observations  under  several  heads. 

Electrodes. 
For  negative  electrodes  I  used  sheets  of  lead,  copper,  amalga- 
mated copper  and  coils  of  copper  wire  all  with  equal  success.  In 
all  cases  the  positive  electrode  consisted  of  platinum  sealed  into  the 
end  of  a  glass  tube,  and  connected  to  the  circuit  wire  by  means  of 
mercury.  This  electrode  was  adopted  not  only  because  it  is  so  easy 
to  make  but  also  because,  if  to  last,  it  must  be  able  to  resist  the 
action  of  oxygen  even  in  the  form  of  ozone.  The  wires  used 
varied  from  one-fourth  to  one  millimeter  in  diameter,  and  from  one 
.and  a-half  to  twelve  millimeters  in  length.     In  one  case  the  end  of 
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the  wire  was  fused  to  a  globular  form,  in  another  the  wire  was 
looped,  both  ends  being  sealed  into  the  glass ;  in  still  another  the 
electrode  was  a  piece  of  sheet  platinum  sealed  across  the  end  of  a 
glass  tube,  its  edges  being  covered  by  glass.  The  usual  form,  how- 
ever, was  a  short  straight  wire.  In  some  cases  the  electrode  pointed 
down,  in  others  horizontally,  in  still  others  up.  In  all  cases,  how- 
ever, the  character  of  the  action  was  quite  the  same,  though  elec- 
trodes, with  larger  surface,  demanded  larger  currents  and  higher 
voltage  to  put  them  in  action.  Under  the  same  conditions  the 
larger  electrodes  produced  less  frequent  breaks  and  gave  discharges 
of  larger  volume  from  the  secondary  than  did  smaller  electrodes. 
The  distance,  within  wide  limits,  between  the  positive  and  negative 
electrodes  has  but  little  efifect  on  the  general  result.  The  same  is 
true  in  regard  to  the  position  of  the  positive  electrode,  provided  the 
gases  formed  around  it  can  be  replaced  easily  and  quickly  by  the 
electrolyte. 

In  making  these  electrodes  I  first  sealed  a  bead  of  blue  enamel 
glass  on  the  wire,  and  that  in  turn  to  a  tube  of  soft  German  glass. 
When  made  in  this  way  they  seem  to  stand  the  roughest  sort  of 
usage  without  cracking  or  giving  any  other  kind  of  trouble. 

In  some  cases  at  least  that  part  of  the  platinum  which  is  in  the 
mercury  becomes  very  nicely  amalgamated,  a  phenomenon  I  had 
not  anticipated  nor  do  I  know  yet  the  exact  conditions  under  which 
it  happens. 

After  considerable  use  that  part  of  the  platinum  which  is  in  the 
electrolyte  becomes  thickly  pitted,  giving  it,  under  the  microscope, 
a  beautiful  frosted  appearance.  This  is  due  doubtless  to  an  arc  dis- 
charge, to  be  described  later  on,  formed  between  the  platinum  and 
electrolyte  each  time  the  circuit  is  being  broken. 

Electrolytes. 
Those  electrolytes  that  conduct  best  give  the  best  results  with 
the  break.  They  also  give  the  most  vigorous  action  when  their 
concentrations  are  such  as  to  give  the  best  conductivities  at  the  tem- 
perature at  which  they  are  used.  Thus  for  i8°C.  the  best  mixture 
of  sulphuric  acid  and  water  is  about  30  per  cent,  acid  and  70  per 
cent,  water,  though  the  action  is  still  quite  good  both  with  more 
dilute  and  more  concentrated  acid. 
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Hydrochloric  acid  and  nitric  acid  are  both  quite  as  good,  for  a 
time  at  least,  as  sulphuric,  probably  even  a  little  better,  since,  ac- 
cording to  Kohlrausch,  they  are  slightly  better  conductors. 

Of  the  various  salts  tried  ammonium  chloride  is  one  of  the  most 
interesting  in  its  action.  Under  the  same  conditions  it  does  not 
give  as  long  nor  so  heavy  sparks  as  does  sulphuric^  nitric  or  hydro- 
chloric acid ;  still  the  action  is  very  good  and  the  rapidity  of  the 
break  is  much  greater,  giving  under  suitable  conditions  a  note  both 
clear  and  shrill. 

The  case  of  melted  ammonium  nitrate  is  also  interesting,  showing 


ELECTROLYTES  TESTED. 


Name. 

Action. 

Remarks. 

Sulphuric  acid 

Excellent 

Good  conductor 

Hydrochloric  acid 

Excellent 

Good  conductor 

Nitric  acid 

Excellent 

Good  conductor 

Boric  acid 

None 

Very  poor  conductor 

Oxalic  acid 

None 

Very  poor  conductor 

Hydrobromic  acid 

Slight 

Weak  solution  used 

Phosphoric  acid 

Fair     • 

Moderate  conductor 

Sulphurous  acid 

None 

V^ery  poor  conductor 

Ammonium  sulphate 

Slight 

Rapid  break 

Copper  sulphate 

None 

Very  poor  conductor 

Sodium  sulphate 

Slight 

Poor  conductor 

Acid  sodium  sulphate 

Slight 

Poor  conductor 

Ammonium  chloride 

Well 

Very  rapid  break 

Calcium  chloride 

Slight 

Rapid  break 

Lithium  chloride 

Slight 

Poor  conductor 

Sodium  chloride 

Fair 

Moderate  conductor 

Potassium  chloride 

Fair 

Rapid  break 

Strontium  chloride 

Slight 

Poor  conductor 

Zinc  chloride 

Fair 

Moderate  conductor 

Ammonium  nitrate 

Fair 

Rapid  break 

Ammonium  nitrate,  fused 

Slight 

Action  irregular 

Sodium  nitrate 

Fair 

Rapid  break 

Bromine  water 

None 

Very  poor  conductor 

Potassium  bromide 

Slight 

Poor  conductor 

Sodium  bromide 

Slight 

Poor  conductor 

Sodium  carbonate 

Slight 

Rapid  break 

Acid  sodium  carbonate 

Slight 

Rapid  break 

Sodium  bichromate 

Fair 

Moderate  conductor 

Caustic  soda 

Fair 

Ropid  break 

Potassium  iodide 

Fair 

Moderate  conductor 
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as  it  does  that  the  break  may  act,  though  irregularly  and  feebly,  at 
a  relatively  high  temperature  and  without  the  presence  of  water. 

The  above  table  contains  a  list  of  the  substances  tested.  Of 
course  this  could  have  been  greatly  extended,  but  it  did  not  seem 
necessary. 

To  Prevent  Acid  Spray. 

Dilute  sulphuric  acid  seems  to  be  the  best  electrolyte  for  general 
use  with  the  break,  and  while  the  acid  does  not  evaporate  or  give 
off,  during  the  action  of  the  break,  any  objectionable  gases,  still  if 
an  open  vessel  is  used,  the  bursting  of  the  bubbles  soon  fills  the  air 
with  add  spray  which  is  both  disagreeable  and  injurious  to  appara- 
tus. Of  course,  several  methods  may  be  devised  to  prevent  this, 
but  I  have  found  a  covering  of  paraffin  oil  to  be  perfectly  satisfac- 
tory. The  electrodes  may  be  dipped  back  and  forth  through  the 
oil  without  its  adhering  to  them  sufficiently  to  prevent  their  prompt 
action  when  the  circuit  is  closed.  This  oil  covering  has  the  further 
advantage  of  preventing  any  change  in  bulk  of  the  electrolyte,  due 
to  evaporation  or  absorption  of  water,  while  the  break  is  not  in  use. 

Glow  About  Anode. 

During  the  action  of  the  break  there  is  a  more  or  less  brilliant 
glow  about  the  anode.  When  there  is  no  glow  the  current  is  not 
.  interrupted.  The  converse  of  this,  however,  when  there  is  no  break 
there  is  no  glow,  is  not  true,  tor  during  the  high  resistance  stage,  to 
be  described  below,  when  there  is  no  breaking  of  the  circuit,  there 
is  a  feeble  but  continuous  glow  on  a  part  of  the  anode,  stationary 
at  points  and  apparently  coming  and  going  along  rough  places  in  a 
manner  that  reminds  one  of  brush  discharges. 

On  examining  the  glow  with  a  revolving  mirror,  when  the  break 
was  running  nicely,  it  was  found  to  be  intermittent,  the  light  appear- 
ing at  uniformly  spaced  intervals,  with,  so  far  as  I  could  tell,  total 
absence  of  light  between  them.  Rapid  revolving  seemed  only  to 
increase  the  spaces  between  the  flashes  of  light  and  not  to  stretch 
out  the  light  at  all  appreciably. 

The  spectrum  of  this  light  contains,  certainly,  lines  of  hydrogen, 
oxygen  and  other  things,  owing  to  the  nature  of  the  electrolyte. 
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Those  electrolytes  containing  sodium  give  a  brilliant  yellow  glow, 
while  calcium  chloride  gives  a  brilliant  red  glow  and  a  beautiful 
spectrum  of  calcium.  Similar  phenomena  are  true  of  the  potassium 
and  lithium  salts.  The  pinkish  glow  in  dilute  sulphuric  acid  is  due 
mainly  to  the  brilliant  red  line  of  hydrogen. 

The  fact  that  these  glows  give  line  spectra  of  hydrogen  and  oxy- 
gen is  well-nigh  positive  proof  that  the  light  is  due  to  an  electric 
discharge  through  these  gases  or  compounds  of  them  surrounding 
the  electrode,  since  the  only  certainly  known  method  of  obtaining 
line  spectra  from  small  amounts  of  hydrogen  and  oxygen  is  by 
means  of  passing  an  electric  discharge  through  them. 

Effect  of  Magnetic  Field. 
On  placing  the  break  in  a  strong  magnetic  field  so  that  the  lines 
of  force  were  at  right  angles  to  the  current,  it  was  found  that  its 
action  was  greatly  disturbed.  When  the  voltage  was  just  high 
enough  to  run  it  nicely  under  ordinary  circumstances,  it  would  not 
act  at  all  in  a  magnetic  field ;  when,  however,  the  voltage  was  high 
it  would  act,  but  very  irregularly  ;  the  glow  seemed  to  be  blown 
out  almost  as  soon  as  formed  and  then  to  begin  again  very  soon, 
once  more  to  be  blown  out  and  so  on  indefinitely. 

Effect  of  Change  in  Hvdrostatic  Pressure. 
It  does  not  take  a  very  great  change  in  hydrostatic  pressure  to 
produce  a  noticeable  change  in  the  pitch  of  the  note  given  by  the 
break  and  in  the  character  of  the  spark  from  an  induction  coil  con- 
nected with  it.  An  increase  in  the  pressure  lowers  the  frequency 
of  the  discharge  and  produces  heavier  sparks,  while  at  very  low 
pressures  the  action  of  the  break  is  quite  feeble. 

Gases  Generated. 
The  kind  and  quantity  of  the  gases  generated  by  the  positive 
pole  of  the  Wehnelt  break  are  different  from  those  obtained  during 
the  process  of  quiet  electrolysis,  at  least  this  is  the  case  with  the 
substances  examined,  sulphuric,  nitric  and  hydrochloric  acids  and 
ammonium  chloride.  The  proportions  vary  with  the  size  of  the 
electrode,  voltage  of  the  current,  and  other  conditions.     The  nega- 
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tive  pole  gives  off  hydrogen  alone.  When  the  break  is  running 
best  in  a  solution  of  sulphuric  acid  the  volume  of  the  gas  from  the 
positive  pole  is  very  nearly  equal  to  that  from  the  negative,  instead 
of  being  only  about  half  as  great  as  it  is  in  the  case  of  quiet  elec- 
trolysis. This  gas  consists  of  a  mixture  of  hydrogen  and  oxygen. 
After  exploding  it  the  remaining  gas  is  oxygen  alone,  but  not 
nearly  enough  to  account  for  the  hydrogen  from  the  negative  pole 
on  the  assumption  that  the  gases  come  from  the  decomposition  of 
the  water  only.  I  used  long  eudiometers  made  from  the  same 
glass  tube  of  about  two  centimeters  internal  diameter  and  a  typical 
case  gave  the  following  result  : 

^  ^  ,     .       f  Length  of  gas  column  over  negative  pole  28. 5  cm. 

Before  explosion, -^      ^,        ^,    ,, 

r  (  '  positive      "    22.0  ** 

f  Length  of  gas  column  over  negative  pole  28.5  cm. 
After  explosion,   \      ^^        ^^    ^^ 

r  »    j^      **        «    «         «         u     positive     **     7  ** 

A  number  of  sparks  were  passed  through  the  gas  in  each  eudi- 
ometer, but  the  gas  over  the  negative  pole,  being  hydrogen  alone, 
did  not  change  in  volume,  while  that  over  the  positive  pole  ex- 
ploded quite  vigorously.  The  mixture  of  hydrogen  and  oxygen 
can  be  accounted  for  by  the  decomposition  of  the  water  by  the  arc 
discharge  that  forms  the  flashes  of  light  about  the  positive  pole. 
More  or  less  ozone  and  persulphuric  acid  are  also  to  be  expected 
about  the  positive  pole,  but  whether  these  can  in  any  way  fully  ac- 
count for  the  relatively  small  volume  of  oxygen  left  after  the  ex- 
plosion is  an  interesting  question  which  at  present  I   cannot  answer. 

I  also  found  the  gases  from  the  positive  pole  in  nitric  acid  to  ex- 
plode, but  not  very  violently.  The  residue  was  oxygen.  In  the 
case  of  hydrochloric  add  the  explosion  was  quite  violent,  probably 
between  hydrogen  and  chlorine,  at  any  rate  the  remaining  gas  con- 
sisted largely  or  entirely  of  oxygen. 

I  did  not  risk  collecting  much  gas  from  ammonium  chloride,  but 
the  small  amount  produced  a  violent  explosion  that  jerked  the  eudio- 
meter from  its  support  and  broke  it.  Probably  in  this  case  not 
only  hydrogen,  chlorine  and  oxygen  were  present,  but  also  a  small 
amount  of  nytrogen  trichloride,  one  of  the  most  violent  explosives 
known. 
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Pr^CE  OF  Closing  Circuit. 
It  has  been  affirmed  and  denied  that  the  place  of  closing  the  cir- 
cuit has  anything  to  do  with  the  action  of  the  break.  My  own  ex- 
perience convinces  me  that  with  a  given  electrode,  external  resist- 
ance, which  should  be  low,  etc.,  it  depends  upon  the  voltage.  If 
the  voltage  is  low,  just  enough  to  run  the  break  properly,  then  it 
starts  at  once  no  matter  where  the  circuit  is  closed.  If  it  is  closed 
by  dipping  the  electrode  into  the  acid  it  starts  up  as  soon  as  it 
touches  the  liquid,  though  the  action,  so  long  as  the  electrode  is 
kept  at  the  surface  is  somewhat  irregular  and  the  liquid  is  spattered 
about.  On  pushing  the  electrode  below  the  surface  the  action  goes 
on  nicely.  If  however  the  voltage  is  high  then  the  electrode  must 
be  put  into  the  acid  first  and  the  circuit  closed  on  the  outside.  If 
closed  by  dipping  the  electrode  into  the  add  the  high  resistance 
state,  to  be  described  below,  is  formed  at  once,  and  this  too  no  mat- 
ter how  quickly  or  slowly  the  electrode  is  immersed.  With  inter- 
mediate voltages  the  action  is  uncertain.  Sometimes  the  breaking 
begins  at  once,  at  others  the  high  resistance  state  is  formed  which, 
if  left  alone,  may  or  may  not  give  way  to  breaking. 

Voltage  Required. 
While  working  with  a  small  electrode  I  found  that  the  current 
rose  with  the  voltage  to  a  maximum,  the  value  of  which  depended, 
among  other  things  upon  the  self  induction  of  the  circuit,  and  then 
decreased  with  further  increase  of  the  voltage.  The  break  however 
did  not  appear  to  run  regularly  at  the  higher  voltages,  as  it  gave  a 
somewhat  harsh  or  ragged  sound.  The  particular  electrode  used, 
with  a  surface  of  only  four  or  five  square  millimeters  gave  a  maxi- 
mum current  in  sulphuric  acid  with  about  50  volts. 

Tvpes  of  Action  of  Electrodes. 
The  positive  electrode  has  three  stable  conditions  of  activity  that 
differ  very  greatly  from  each  other.  I  shall  call  these  for  conveni- 
ence the  high  resistance  stage,  which  allows  a  very  small  current  to 
flow,  the  stage  of  quiet  electrolysis  which  carries  a  much  larger  cur- 
rent, and  finally  the  stage  of  regular  breaking  which  gives  the 
largest  current  of  all.     These  do  not  merge  gradually  the  one  into 
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another,  but  change  abruptly.  The  high  resistance  stage  is  char- 
acterised by  minute  but  steady  glows  on  points  and  along  rough 
edges,  a  small  current,  considerable  heating,  and  a  peculiar  frying 
noise.  The  stage  of  quiet  electrolysis  by  absence  of  light  and  noise, 
together  with  a  relatively  large  current.  The  regular  breaking 
stage  by  a  clear-cut  note  of  constant  pitch,  a  bright  but  intermit- 
tent glow  and  a  large  average  current. 

Resistance  in  Circuit. 

An  adjustable  resistance  of  considerable  range  in  series  with  the 
break  gives  some  interesting  results.  When  the  resistance  is  large 
the  current  produces  only  quiet  electrolysis.  On  decreasing  the 
resistance  the  electrolysis  increases  till  a  certain  current,  depending 
largely  upon  the  size  of  the  electrode,  but  not  upon  the  voltage,  is 
reached  when  irregular  breaking  and  a  decreased  average  but  vari- 
able current  is  obtained.  On  still  further  decreasing  the  resistance 
the  break  usually  becomes  steady  and  the  current  quite  large. 
Sometimes,  however,  instead  of  becoming  steady  the  break  gives 
way  to  the  high  resistance  stage  which  remains  comparatively  un- 
altered through  a  wide  change  in  the  external  resistance.  Breaking 
the  circuit  and  connecting  it  again  will  now  start  the  break  to  run- 
ning regularly  if  the  resistance  is  small,  or  begin  quiet  electrolysis 
if  the  resistance  is  large.  On  sufficiently  increasing  the  external 
resistance  the  high  resistance  stage  disappears  abruptly  with  a  pecu- 
liar click,  and  is  followed  by  quiet  electrolysis. 

When  the  voltage  is  comparatively  low  the  high  resistance  stage 
often  ceases  of  itself  with  a  sudden  outburst  of  breaking,  this  in  turn 
may  soon  be  followed  by  a  renewal  of  the  high  resistance  stage  and 
so  on  indefinitely  but  irregularly.  In  no  case,  however,  have  I  seen 
the  full  breaking  stage  give  way  to  quiet  electrolysis  nor  the  reverse. 

Self-induction  in  Circuit. 
An  increase  in»the  self-induction  of  the  circuit  lowers  the.frequency 
of  the  break.  With  very  small  self-induction  the  break  can  be  ob- 
tained only  with  correspondingly  small  anodes.  A  decrease  in  the 
self-induction  also  causes  an  increase  in  the  average  current.  I  tried, 
with  two  coils,  and  with  different  electrodes  and  various  voltages 
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from  35  to  75  the  effect  of  short-circuiting  the  primary,  and  found 
in  every  case,  where  the  break  continued  to  run  with  a  clear  note, 
that  its  frequency  and  the  average  amperage  both  increased  when 
the  coil  was  cut  out  This  increase  of  current  is  just  the  reverse  of 
that  described  by  H.  PeUat,  C.  R.,  I2,  CXXVIII.  With  relatively 
large  electrodes,  however,  the  break  often  did  not  continue  to  run 
smoothly  when  the  coil  was  cut  out,  and  occa^onally  changed  in 
a  little  while  from  irregular  breaking  to  the  high  resistance  stage. 
In  these  cases,  that  is  when  on  cutting  out  the  coil  the  break  be- 
came irregular,  the  current  at  the  same  time  became  exceedingly 
variable  and  its  average  value  decreased. 

Formation  of  the  Gas. 
When  the  break  is  running  the  bubbles  of  gas  are  hurled  from  it 
with  considerable  velocity.  This  I  found  most  marked  with  the 
anode  of  sheet  platinum.  When  sulphuric,  nitric  or  hydrochloric 
acid  is  used  the  bubbles  are  relatively  large,  while  ammonium  chlo- 
ride, sodium  nitrate  and  others,  especially  those  that  give  high  fre- 
quency, produce  some  bubbles  of  fair  size  together  with  vast  numbers 
of  exceedingly  minute  ones  that  give  the  liquid  a  milky  appearance. 

Shunt  to  Break. 

A  shunt  to  the  break  when  its  resistance  is  large  carries  a  greater 
current  when  the  break  is  running  than  it  does  even  when  it  is  the 
only  resistance  in  the  circuit.  This  is  very  nicely  shown  with  an 
incandescent  lamp  in  the  shunt.  If  the  resistance  of  the  shunt  is 
gradually  decreased  the  break  begins  to  act  irregularly,  and  soon 
ceases  entirely. 

Electrodes  in  Series. 
When  a  large  and  a  small  electrode  are  connected  in  series,  and  the 
voltage  is  suitable,  the  large  one  gives  quiet  electrolysis  while  the 
small  one  produces  the  breaking  quite  the  same  as  when  it  alone  is 
in  the  circuit,  except  in  so  far  as  its  frequency  is  decreased  by  the 
resistance  of  the  large  electrode.  When  both  electrodes  are  ap- 
proximately the  same  size  both  may  break  the  circuit,  but  the  ac- 
tion is  irregular  and  does  not  give  a  clear  note. 
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Uses. 

It  is  not  my  purpose  to  discuss  the  various  uses  of  the  Wehnelt 
break,  which  seem  to  be  nearly  all  those  of  any  other,  but  simply 
to  mention  one  or  two  things  I  have  come  across  in  using  it  practic- 
ally. So  far  I  have  not  obtained  very  satisfactory  results  with  it 
in  connection  with  a  twelve -inch  coil  wound  for  a  direct  i  lo-volt 
circuit,  nor  have  I  examined  the  conditions  sufficiently  to  know  just 
what  the  trouble  is. 

In  using  the  break  on  an  ordinary  Ruhmkorfif  coil  for  a  large 
X-ray  tube,  I  obtain  best  results  with  a  break  of  moderate  frequency, 
about  three  hundred  per  second.  Higher  frequency  causes  the  tube 
to  light  up  throughout,  nor  is  this  obviated  by  the  introduction  of  a 
spark  gap.  With  a  suitable  sized  electrode,  however,  the  action  is 
most  satisfactory  for  both  fluoroscopic  and  radiographic  work. 
Thus  with  an  exposure  of  only  two  seconds  I  secured  a  fully  ex- 
posed and  excellent  radiograph  of  a  man's  hand,  while  with  the 
fluoroscope  it  is  perfectly  easy  to  see  through  any  part  of  the  body 
of  an  adult,  the  light  meanwhile  being  quite  free  from  all  flicker. 

Action  of  Break. 

I  do  not  claim  the  following  explanation  to  be  either  complete  or 
wholly  free  from  error ;  it  is  only  that  which  my  experiments  have 
suggested  to  me. 

With  moderately  high  voltage  the  current  grows  quickly  though 
gradually  on  account  of  the  self-induction,  till  the  electrode  is  com- 
pletely sheathed  by  a  layer  of  gas — chiefly  or  entirely  oxygen. 
This  gas  abruptly  breaks  the  circuit  and  the  self-induction  sends  an 
electrical  discharge  across  it,  giving  rise  to  the  light  and  at  the  same 
time  decomposing  some  of  the  liquid,  giving  among  other  things 
oxygen  and  hydrogen.  The  sudden  freeing  of  these  gases  and  the 
heat  of  the  discharge  together  produce  an  explosive  effect,  as  shown 
by  the  noise  and  the  violence  with  which  the  bubbles  are  thrown 
off*.  Probably  no  part  of  the  hydrogen  and  oxygen  set  free  is  again 
rccombined.  The  flash  seems  due  to  a  single  discharge,  certainly 
there  can  be  no  oscillations,  and  as  some  of  the  liquid  is  undoubt- 
edly decomposed,  as  shown  by  the  gases  collected,  it  does  not  seem 
clear  how  the  same  discharge  can  also   cause  them  to  recombine ; 
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at  any  rate  a  part  of  the  gas  remains  decomposed,  and  it  seems 
highly  probable  that  this  would  not  be  so  if  a  single  discharge  could 
decompose  water  into  its  elements  and  at  the  same  time  trail  after 
itself  a  recombination  of  them. 

The  explosion  over,  the  liquid  drops  back  onto  the  electrode, 
cleared  by  the  discharge  of  any  polarization,  and  the  process  renews 

itself 

According  to  this,  disturbance  from  a  magnetic  field  is  to  be  ex- 
pected, so  too  are  the  effects  of  changes  in  hydrostatic  pressure,  the 
actions  of  large  and  small  electrodes,  or  high  and  low  voltages,  of 
changes  in  resistance,  self-induction,  and  other  things  as  already 
described. 

\  am  ver>'  sorry  that  I  cannot,  owing  to  want  of  apparatus,  ex- 
amine the  break  with  a  rapid  curve  tracer,  such  as  the  one  de- 
*acul)ed  by  Mr.  H.  J.  Hotchkiss  in  the  Physical  Review  for  March, 

1899. 

I  venture  to  say,  however,  that  such  a  trace  will  show  the  cur- 
rent to  rise  gradually  from  zero  to  a  certain  maximum  and  then  to 
chi^p  very  nearly  abruptly  to  zero  again,  and  so  on  indefinitely.  At 
break  of  current  the  voltage  will  probably  rise  quite  high,  to  an  ex- 
Icut  dependent,  of  course,  among  other  things,  upon  the  self-induc- 
lii»u  of  the  coil.  At  make  of  current  the  voltage,  probably  differ- 
m^i  but  little  by  this  time  from  that  of  the  battery,  may  fall  slightly 
aud  iIku  continue  very  nearly  constant  till  the  next  break. 

I  liave  not  attempted  to  give  the  bibliography  of  the  break,  partly 
livciu-ii  n^y  work  has  been  independent  of  other  observers,  but 
V  liu  il>'  Ih  tiiusc  it  is  too  soon,  owing  to  the  large  number  of  short 
iiilu  U  1  appearing  on  it,  to  make  the  bibliography  at  all  complete  or 
.,1  i\  u  V  *il»le. 

l;  M  ..  V\\\  akw.  Laboratory.  University  of  Virginia,  April  14,  1899. 
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THE    HYDROLYSIS   OF   STANNIC   CHLORIDE.^ 
By  William  Foster,  Jr. 

MANY  compounds  when  in  aqueous  solution  are  acted  upon 
by  the  water,  some  of  the  atoms  or  radicals  of  the  com- 
pounds being  replaced  by  the  hydroxyl  (OH)  group.  This  familiar  . 
phenomenon  is  termed  hydrolysis.  Such  bodies  as  stannic  chloride 
and  ferric  chloride  belong  to  this  class  of  compounds.  The  rate  at 
which  a  body  undergoes  hydrolysis  is  largely  regulated  by  the 
amount  of  water  present  in  proportion  to  the  compound,  a  large 
amount  of  water  facilitating  hydrolysis.  Stannic  chloride  is  one  of 
the  most  instructive  examples  of  this  class  of  compounds,  for  the 
rate  at  which  it  suffers  hydrolysis  in  solution  of  medium  concentra- 
tion is  so  gradual  that  the  observer  has  ample  time  to  determine  the 
condition  of  the  solution  as  the  reaction  progresses,  and  at  the  same 
time  final  equilibrium  is  reached  without  having  to  wait  too  long. 

In  determining  the  resistance  of  a  freshly-prepared  solution  of 
half-normal  SnCl^,  I  observed  that  the  bridge-reading  was  not  con- 
stant, but  that  it  changed  in  such  a  manner  as  to  indicate  that  the 
conductivity  of  the  solution  increased.  As  the  change  in  the  con- 
ductivity was  so  gradual,  it  at  once  suggested  the  idea  of  measuring 
the  conductivity  of  a  solution  from  time  to  time  until  it  should 
become  constant.  A  number  of  such  measurements  have  thus  been 
made. 

It  will  be  remembered  that  Loomis*  found  very  large  and  sur- 
prising values  for  the  molecular  depression  of  the  freezing-points  of 
aqueous  solutions  of  this  salt.  Thus  while  the  maximum  values 
found  by  him  in  other  salts  did  not  exceed  5.5,  the  value  for  SnCl^ 
M'as  found  to  be  12.61  for  w  =  0.04  (w  =  o.oi  according  to 
Loomis). 

*  Part  II.  of  thesis  presenteel  to  the  faculty  of  Princeton  University  for  the  degree  of 
Doctor  of  Philosophy. 

*Phys.  Rev.,  Vol.  IV.,  No.  22,  1897,  pp.  278  and  294. 
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^'  :hi$  salt  as  such  could  not  account 
•  -^   n-c$cnt  work  was  undertaken  at  the 

x>'n;>  \\*ith  the  hope  of  finding  some 
-v-n^^*  from  the  behavior  of  the  compound  • 


X.  v'v  oi  to  the  ancient  chemists.     It  was 

^  .^  ..    Kick  as  1605,  and  it  was  early  termed 

::,  has  been  known  for  some  time  that  it 

V  vvus  solutions,  but  that  it  undergoes 

'  ;ro  of  tin. 

X  ^  ^  s,  v^r  some  time  that  tin  forms  at  least  two 

^     ,  v.v^viimes  termed  stannic  and  metastannic 

■N    ,^  .vN»  respectively. 

V  t-i\>x^nt  century,  observed  the  difference 
V  V  ^iv'  thought  that  the  stannic  acid  was  ob« 
vv\  ^^'-h  alkalies;   and  the  metastannic  acid, 

,    vv^i^v  of  the  very  conflicting  opinions  held 

^     .  V  <  kI  composition  of  these  bodies : 

.    vv   uu\l  into  metastannic  acid  by  desiccation. 

.  ,  V  viry  state.'  (Berzelius,  Graham.)    Stannic 

.  .  K^it  alteration.     Its  composition  is  the  same 

\vumann,  Schiff,  Lorenz.)^ 
^   >vtas^tannic  acid  dried  in  a  vacuum  is  (SnOj)^. 

,  V .  v^  t»v*t  exist :  they  are  stannates  with  excess 
^.  v.-.tv)     There  exist  between  these  bodies  two 

o  \  ,;nv>n.) 
_.,v.*v   stannic  hydrates,  each  of  which  behaves 

^xv^tyxponding  salts. 

;,  < '  vlc^roes  of  hydration  between  HjSnOj  and 

;^>vv.\   explanation  of  their  difference  has  been 

,  vnUv\I  with  such  compounds  as  NH^NOj  and 

^   uv\  v\Mn|>t.  Rend.,  125,  651  ;   1897. 
..     Vh^   iVm.,  9,  376;    1895. 
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Na,SO^ ;  it  yields  H^SnO^  when  dried  in  the  air ;  and  HjSnOj  when 
dried  over  HjSO^.  Stannic  hydrate  is  slightly  soluble  in  water,  and 
dissolves  readily  in  dilute  mineral  acids.     (Roscoe.)* 

Acid  solutions  of  SnOj  treated  with  alkalies,  precipitate  Sn(OH)^ 
(stannic  hydrate),  also  known  as  stannic  acid.  It  is  a  colloidal  sub- 
stance having  several  modifications  which  are  identical  in  composi- 
tion. The  various  hydroxides  have  also  a  different  appearance  and 
behave  differently  with  reagents.  There  is  a  difference  between 
ordinary  stannic  acid  and  metastannic  acid.  Stannic  acid  is  precipi- 
tated from  SnCl^  by  treating  it  with  alkalies,  and  metastannic  acid  is 
obtained  by  treating  tin  with  HNO3.  Metastannic  acid  is  insoluble 
in  water  in  the  presence  of  HCl.    (Mendeleeff.)^ 

The  cause  of  difference  is  due  to  polymerization. 

The  ordinary  acid  corresponds  to  SnO^;  and  the  metastannic 
acid,  to  Sn^Oj^.    (Fremy.) 

The  following  opinions  are  entertained  in  regard  to  the  change 
which  SnCl^  suffers  in  aqueous  solution  :  Dilute  HCl,  especially 
when  boiling,  changes  the  ordinary  hydrate  which  is  first  formed 
into  metastannic  acid.  On  this  depends  the  formation  of  a  white 
precipitate,  stannic  hydrate,  in  dilute  aqueous  solutions.  (Mendeleeff.) 
When  solutions  of  stannic  acid  in  HCl  (identical  with  solution  ob- 
tained by  the  action  of  H^O  on  SnCl J  are  allowed  to  stand,  the 
stannic  acid  slowly  undergoes  conversion  into  metastannic  acid,  which 
usually  separates  out  as  an  opalescent  precipitate.     (Roscoe.) 

The  dilute  solution  of  SnCl^  gradually  decomposes,  yielding  HCl 
and  metastannic  acid.    (Watts*  Diet,  of  Chem.) 

The  solution  of  SnCl^  diluted  to  a  certain  point  yields  stannic  hy- 
drate as  well  as  metastannic  acid.     (Casselman.) 

Stannic  chloride  boiled  in  water  yields  HgSnOg  and  HCl,  —  SnCl^ 
+  3H,0  =  HjSnOj  -|-  4HCI. 

Probably  the  following  reaction  takes  place  first : 

SnCl,  -I-  4H2O  =  Sn(OH),  -|-  4HCI. 

Sn(OH)^  loses  a  molecule  of  H^O  and  forms  HjSnOg,  stannic 
acid.     (Remsen.) 

» Treatise  on  Chem.,  Vol.  II.,  1897. 
'Treatise  on  Chem.,  Vol.  II.,  London,  1897. 
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Apparatus. 
The  apparatus  employed  in  measuring  the  conductivity  of  solu- 
tions of  SnCl^  was  the  same  as  that  described  in  Part  I.  of  this 
thesis,  with  the  addition  of  a  thermostat.*  The  measurements  in 
the  thermostat  were  conducted  at  28**  C.  It  was  easy  to  regulate 
the  thermostat  so  that  the  temperature  varied  only  a  small  fraction 
of  a  degree  (usually  much  less  than  ^-^  for  hours  at  a  time.  Other 
measurements  were  made  at  18°. 

The  Preparation  of  the  Compound.' 
To  prepare  SnCl^,  c.  p.  tin  was  melted  in  a  retort,  and  a  strong, 
dry  stream  of  chlorine  was  conducted  into  it,  whereby  SnCl^  was 
formed.  It  is  a  strongly-fuming  liquid  ;  consequently  a  long  con- 
denser was  connected  with  the  retort,  and  the  salt  condensed  in  a 
pair  of  Woulf  bottles  surrounded  by  an  ice  bath.  The  liquid  was 
transferred  to  a  fractionation  flask  and  some  tin  foil  added  to  unite 
with  the  dissolved  CI.  The  SnCl^  was  distilled,  treated  with  tin 
foil  again,  and  the  distillation  repeated  until  the  liquid  became 
colorless  and  had  a  constant  boiling-point. 

The  liquid  was  preserved  in  a  well-stoppered  flask  to  prevent 
access  of  aqueous  vapor.  The  normal  solution  was  prepared  by 
first  making  up  a  solution  of  specific  gravity  1.0927.  This  was 
analyzed,  the  Sn  being  determined  as  SnOj  by  precipitation  as 
stannic  hydrate  by  means  of  a  strong  solution  of  NH^NOg,  with  the 
following  results : 

I.   5  c.c.  of  the  solution  gave  0.3551  g.  SnO, 
II.     *'  '*  '*  '*     0.3561   "      *' 

mean  value  0.3556 

This  corresponds  to  123.16  grams  of  SnCl^  per  liter.  Accord- 
ingly, 288.23  grams  of  this  solution  were  diluted  to  500  c.c. 

10  C.C.  of  this  gave  0.3752  grm.  SnOj,  which  corresponds  to 
65.07  grms.  of  SnCl^  per  liter.  64.975  grams  are  required  for  a 
normal  solution.     This  indicated  that  the  solution  was  0.15J6  too 

>  Ostwald,  Physiko-Chem.  Messungen,  Leipzig ;    1893,  p.  70. 
*  Chemische  Praparatenkunde,  Bender  and  Erdmann,  Stuttgart. 
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Strong,  so  it  was  diluted  to  normal  strength.  This  solution  was 
employed  in  preparing  most  of  the  dilute  ones.  For  a  few  of  the 
more  concentrated  solutions,  the  ordinary  c.  p.  salt  was  employed. 
The  strength  of  the  solutions,  other  than  those  prepared  by  direct 
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Fig.  1. 
Curves  for  SnCl,. 


dilution  from  a  solution  of  known  strength,  was  determined  by 
chemical  analysis  in  some  cases ;  and  in  others,  by  comparison  of 
their  sp.  gr.  with  the  sp.  gr.  of  the  solutions  of  known  strength. 
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Fig.  2. 
Curves  for  SnCl^. 

The  Measurements. 
The  Normal  Solution, 
The  specific  gravity  of  the  normal  solution  of  SnCl^  was  found 
to  be  1.0496  (\®o-).     The  solution  was  prepared    from  the  pure 

liquid  salt  on  November  12,  and  the  values  of  —  (equivalent-con - 
-ductivity)  at  18°  are  given  below  : 

K 


m 


.  lo^at  i8°C. 


1805 
2040 
2265 
2340 


November  14, 

18, 

December  23, 

February    2 1 , 

This  solution  remained  clear ^  and  stood  in  a  room  whose  temper- 
ature averaged  about  1 5^.  It  is  thus  seen  that  the  normal  solution 
changes  more  rapidly  during  the  first  few  days  after  its  prepara- 
tion, and  that  it  would  be  months  in  coming  to  its  maximum  con- 
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ductivity.  Solutions  from  w=o.oooi  to  /«=o.oi  were  prepared 
from  the  normal  solution  as  in  the  first  part  of  this  work.^  Two 
series  of  measurements  were  carried  out.  The  results  are  given 
below.  The  concentration  m  in  gram-equivalents  is  given  in  the 
first   column;  the  specific  conductivity  at    i8^  (Hg  at  o°=i)  is 

given  in  column  2  ;  and  the  equivalent-conductivity  —  is  found  in 

column  3. 

First  Series.  Second  Series 


m 

A',.io»« 

tn 

>^...xo» 

m 

Water. 

(1.83) 

(2.10) 

0.0001017 

37.06 

3460 

32.52 

2990 

0.0002032 

71.08 

3400 

67.35 

3210 

0.0006077 

205.07 

3350 

204.61 

3320 

^  0.001009 

344.2 

3390 

342.40 

3370 

0.00201s 

683.7 

3390 

685.70 

3390 

0.006024 

2010.5 

3330 

2010.5 

3330 

0.01000 

3300.0 

3300 

3313.0 

3310 

The  measurements  of  the  first  series  were  made  as  rapidly  as 
possible,  while  more  time  was  used  in  obtaining  the  second  series. 
It  is  seen,  then,  in  the  extremely  dilute  solutions  that  the  equiva- 
lent-conductivity decreases.  The  same  phenomenon  is  character- 
istic of  acids  and  bases. 

When  ;«=  about  o.ooi,  the  value  of  the  two  series  come  to- 
gether, however,  and  solutions  of  such  strength  change  very 
little  with  time.  To  ascertain  just  how  much  a  solution  in  which 
m  =  O.OOI  does  change,  or  how  much  time  it  requires  to  come 
to  final  equilibrium,  one  was  prepared  directly  from  the  normal 
solution,  with  the  following  result : 


m  ■■  o.oox 


.xo"  at  x8» 


Feb.  6,  11  a.  m. 

3100 

"   •*  2:30  p.m. 

3440 

•<   «  ^    << 

3440 

It  is  thus  seen  that  this  solution  reaches  its  maximum  conduc- 
tivity within  two  or  three  hours.     It  changes  very  rapidly  at  first. 
"Physical  Review,  May-June,  1899. 
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For  m  =  o.oi,  the  freshly-prepared  solution  gave    -.10^  =  3 300, 

and  this  soon  reached  a  maximum  value  of  3475.     Some  interesting 
conclusions  may  be  drawn  from  the  facts  now  before  us,  namely : 

I.  The  final  conductivities  of  the  solutions  of  SnCl^w  =  o.oi 
and  0.00 1  are  almost  identical  with  those  of  HCl  of  the  same  con- 
centrations. 


8nCl«  I  HCl. 


0.001 
0.01 


3440  3520  )ir 

3475  3470  jw^" 


For  in  =  0.01,  these  values  are  practically  identical. 

2.  For  the  most  dilute  solutions  of  SnCL,  the  values  of  —  be- 

;// 

come  smaller.     The  same  is  true  of  HCl  in  dilute  solutions. 

3.  The  dilute  solutions  of  SnCl^  soon  come  to  equilibrium,  that 
is,  the  hydrolysis  of  the  salt  is  soon  completed. 

It  is  worthy  of  note  that  these  dilute  solutions  yield  a  white, 
amorphous  precipitate.  It  is  a  well-established  fact  that  many 
chlorides  undergo  hydrolysis  to  a  greater  or  less  extent,  generating 
at  the  same  time  HCl ;  and  it  has  been  known  for  some  time  that  a 
large  quantity  of  water,  especially  when  heated,  causes  an  aqueous 
solution  of  SnCl4  to  precipitate  a  compound  variously  termed  *'  stan- 
nic hydrate,"  *' stannic  acid**  and  '*  metastannic  acid.** 

From  the  data  and  facts  given  above,  it  would  seem  that  the  stannic 
compound  formed  by  the  action  of  the  water,  even  before  the  separa- 
tion is  complete,  is  not  dissociated  to  any  considerable  degree ;  but 
that  the  conductivity  of  the  solution  depends  almost  entirely  upon 
the  HCl  that  is  generated. 

The  following  reaction  perhaps  takes  place : 

CI       HOH  OH 

e   'CCl    ,    HOH         e    ^OH    .       ^r^i 

\C1       HOH  ^OH 

(Stannic  Hydroxide.) 


Digitized  by 


GoogI( 


No.  I.]  STANXIC  CHLORIDE,  49 

Sn<^[J  =H2Sn03  +  H,0 

\nT4         (Stannic  Acid.) 


5H2Sn03=  Hj^Sn^Oij  (insoluble  metastannic  acid). 

It  is  here  assumed  that  the  SnCl4  first  decomposes,  forming  stan- 
nic hydroxide,  and  generating  four  molecules  of  HCl.  The  Sn(0H)4 
then  loses  a  molecule  of  water,  forming  stannic  acid,  and  then  the 
HjSnOg  molecule  condenses  to  form  HjjjSn^Oi^  (metastannic  acid). 

This  is  an  insoluble,  colloidal  body  which  gradually  settles  down 
as  a  white  precipitate. 

100  c.c.  of  the  —  SnCl4  solution  (/.  e,,  the   clear  supernatent 

liquid)  was  found  to  be  in  exact  balance  with  10  c.c.  of  —    NaOH, 

thus  showing  that  an  equivalent  amount  of  HCl  was  in  fact  gener- 
ated. 

Measurements  were  now  made  on  the  —  solution  of  SnCL,  with 

10  ^' 

the  following  results  : 

A'  ^ 
— •  10* 

fH 

Feb.  6,  9:30  a.  m.  3125 

••  ••  5  30  p.  m.  3154 

••  7,2:00   "  3159 

••  21,  3218 

The  last  value  remained  constant  from  this  time.     The  value  of 

;/ 

HCl  is  3200. 
10  ^  ^ 

The  —  SnCl4  (the  clear  supernatent  liquid)  was  balanced  against 

-  -  NaOH,  and  was  found  to  be  1.6%  weak. 
10 

Measurements  were  next  made  on  a  number  of  solutions  at  28*^ 
with  results  as  follows  : 
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Solution  No.  L     wr  =  I-625. 

Some  of  the  liquid  SnCl^  (about  i  o  cc)  was  quickly  added  to 
about  200  ex.  HjO-  The  temperature  was  quickly  brought  to 
28°,  SnCl^  and  the  resistance  of  the  solution  determined  without 
delay.     Time  of  bringing  liquid  SnQ^and  H^O  together,  12  m. 


Time. 

laterva]  ia  min. 

A'  io*a««r 

Jmn.  11,  12-05  p  m. 

0 

1485 

915 

1210  *' 

5 

1532 

944 

1225  " 

20 

1608 

991 

1:45   " 

100 

1757 

1083 

2:45  " 

160 

18S4 

1142 

3:45  " 

220 

1921 

1183 

5K)0  " 

295 

1981 

1221 

6K)5  " 

360 

2018 

1243 

7:05  *' 

420 

2049 

1262 

Jan.  30.   * 

19  days 

2791 

1719 

II.     ;//  =  0.802. 

lime  of  bfinging  SttCi^  and  I/^O  together^  10.31  #.  m. 


Time. 

m. 

Interval  in  Min. 

A'.xo«at28»     ! 

m 

Jan.  13.  10:35  a. 

0 

1377      i 

1717 

10:40 

<< 

5 

1440 

1796 

11:00 

<< 

25 

1559      1 

1944 

11:30 

(( 

55 

1646 

2052 

12:01  p 

m. 

86 

1706      1 

2127 

12:31 

«( 

116 

1748 

2179 

1:31 

<l 

176 

1806 

2252 

2:35 

•* 

240 

1857 

2315 

3:35 

<4 

300 

1892      j 

2359 

4:35 

(( 

360 

1922      ' 

23% 

5  35 

<< 

420 

1948 

2429 

7:35 

(4 

540 

1989      1 

2480 

935 

<l 

660 

2021 

2520 

Jan.  30 

17  days. 

2251 

2807 

Feb.  21 

_ 

39  days. 

2293      1 

2860 

2860  at  28°  =  2460  at  18°. 
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Time. 

Interval  in  min. 

K'  xo"  at  a8» 

^.xoo 

m 

Jan.  18.  1:45  p.  m. 

0 

1183 

2335 

2:01  " 

7 

1246 

2460 

2:24  "1 

30 

1321 

2608 

2:54  " 

60 

1362 

2689 

2:54  " 

120 

1405 

2773 

4:54  " 

180 

1434 

2831 

5:54  " 

240 

1451 

2878 

6:54  " 

300 

1466 

2894 

7:54  " 

360 

1475 

2912 

9:54  " 

480 

1488 

2937 

Jan.  19 

Iday 

1507 

2975 

-  30 

12  days 

1542 

3044 

Feb.  21 

34  days 

1562 

3084 

3084  at  28«=  2660  at  18«. 

IV.     /«  =  0.2865. 

SnCl^  and  H^O  came  together  at  8:^9  <».  *n. 


Time. 

Interval  in  min. 

K,  xo*  at  s8° 

^•- 

Jan.  17.  9:03  a.  m. 

0 

841 

2935 

9:07  •* 

4 

857 

2957 

9:30  " 

27 

887 

3096 

10:03  •* 

60 

906 

3162 

11:03  " 

120 

921 

3215 

12:33  p.  m. 

210 

930 

3246 

2:33  " 

330 

940 

3281 

6:30  " 

567 

946 

3302 

Jan.  30. 

13  days. 

957 

3340 

This  solution  on  standing  gave  a  white  precipitate.  Nos.  I.,  II. 
and  III.  xtmsAXitA perfectly  clear.  The  value  of  m  in  every  case  was 
determined  at  15*^  C. 

Four  series  of  measurements  were  next  made,  starting  with  a 
very  concentrated  solution  {m  ^  5.048).  The  c.  p.  SnCl^  (crys- 
talline) of  Eimer  and  Amend  was  employed.     It  was  analyzed  at 


15^  C. 
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These  solutions  will  be  designated  as  A,  B,  C  and  D. 

Solution  A.     w  =  5.048. 


Time. 

Interval  in  min. 
min. 

K,  io»  at  a8o 

m 

Jan.  14.  9:50  a.  m. 

0 

1272 

252 

11:32   " 

102 

1274 

252 

4:33  p.  m. 

260 

1272 

252 

Jan.  30 

16  days. 

1281 

256 

252  at  28°  = 

207  at  18**. 

B.  w  =  2.524. 

Time. 

min. 

K.  io«  at  a8o    | 

^.xo. 
m 

Jan.  15.  4:05  p.  m. 

0 

1461 

579 

4:45   " 

40 

1468 

582 

5:45   " 

100 

1479 

586 

7:30   *• 

205 

1501 

594 

C.  w  = 

1.262. 

Time. 

min. 

K.  io«  at  a8o 

*:..o. 

m 

Jan.  16.  9:29  a.  m. 

0 

1409 

1 

1116 

9:33   " 

4 

1458 

i 

1155 

10:00 

31 

1598 

1 

1266 

ll.-OO   *' 

91 

1727 

1369 

12:00  m. 

151 

1815 

1 

1438 

2:00  p.  m. 

271 

1913 

1516 

3:45   '* 

376 

1971 

1562 

5:30   •' 

481 

2025 

1 

1605 

8:30   " 

661 

2103 

' 

1666 

D.  w= 

0.1231. 

Time. 

Min. 

K  io«  at  ar 

m 

Jan.  19.  10   a  m. 

0 

426 

3461 

10:20  " 

20 

435 

3534 

12:20  p.  m.  , 

140 

446 

3623 

2:20  " 

260 

450 

3655,  Sol 

.  opalescent 

4:20  " 

380 

451 

3664.  Ppt.  forming 

7:00  " 

540     1 

453 

3680 

Jan.  30. 

11  days.   ' 

454 

3688  Ppt. 

all  settled  down. 
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Graphic  Representation  of  the  Results. 

Fig.  I  shows  the  change,  with  time,  in  specific-conductivity  at 
28^  C.     (Hgato=  I.) 

The  ordinates  represent  the  specific-conductivity,  and  the  ab- 
scissas represent   the  time  in  hours ;   w,  as  before,  represents  the 

gram-equivalent  concentration. 

(K\ 
—  I  is  represented  by  or- 
dinates and  the  abscissas  represent  the  time  in  hours. 

The  solution  m  =  1.623,  as  shown  in  Fig.  i,  conducts  better  than 
any  other  solution  studied ,  although  m  ranges  from  0,1 2ji  to  5,04.8, 

Fig.  2  shows  (i)  the  familiar  fact,  that  the  equivalent-conductivity 
is  always  greater  as  the  dilution  is  increased  ;  (2)  that  for  solutions 
from  w=  2. 5 24  to  0.1 23 1,  the  equivalent-conductivity  increases  with 
time,  soon  reaching  a  maximum  value  in  the  more  dilute  solutions. 
It  is  also  true  that  the  rate  of  the  increase  in  the  equivalent-conductiv- 
ity is  more  rapid  and  pronounced  in  proportion  as  the  solution  is 
diluted,  but  the  curves  for  the  more  dilute  solutions  do  not  show 
this  from  the  fact  that  most  of  the  salt  suffers  hydrolysis  before 
the  first  measurement  can  be  made. 

In  suming  up  the  work,  the  following  facts  and  inferences  may 
be  enunciated  : 

(i)  The  dilute  solutions  of  SnCl^  are  hydrolyzed  more  rapidly 
than  those  of  medium  concentration,  while  the  very  concentrated 
solutions  come  to  equilibrium  at  once. 

(2)  The  extent  to  which  hydrolysis  takes  place  is  no  doubt 
regulated  by  the  law  of  mass  action  as  set  forth  by  Guldberg  and 
Waage,  and  we  are  dealing  with  a  state  of  chemical  equilibrium  or 
balanced  action  which  may  be  represented  thus : 

SnCU  +  4HOH  >  Sn  (0H)4  -f-  4HCI.  One  cannot  measure  the 
extent  to  which  hydrolysis  takes  place,  however,  by  simply  de- 
termining the  electrical  conductivity  of  the  solution,  for  the  prob- 
.lem  is  a  complicated  one.  The  water  goes  on  supplying  OH  and 
H  ions  and  HCl  is  generated.  An  inventory  of  the  solution  as  the 
reaction  progresses  would  show  something  like  the  following : 

1.  Some  dissociated  SnCl4,  giving  Sn  and  CI  ions. 

2.  Some  dissociated  HCl  giving  H  and  CI  ions. 
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3.  The  stannic  compound  resulting  from  hydrcJysis,  not  dissoci- 
ated (say). 

4.  HjO,  very  slightly  dissociated,  giving  H  and  OH  ions. 
.  5.  Non-dissociated  SnCl4. 

6.  Non- dissociated  HCl  (very  small  amount).  Only  i  and  2,  or 
the  dissociated  SnCl4  and  HCl,  take  any  appreciable  part  in  deter- 
mining the  conductivity  of  the  solution. 

We  have,  therefore,  two  variables  in  the  problem,  that  is,  the 
SnCl4  is  growing  less  as  hydrolysis  goes  on,  and  thus  more  com- 
pletely dissociated,  while  the  HCl  is  gradually  increasing  and  hence 
not  so  completely  dissociated.  The  ultimate  state  of  things  would 
seem  to  be  this :  as  the  SnCl^  is  transformed  the  specific  conduc- 
tivity of  the  solution  is  decreased  (as  far  as  it  depends  upon  the 
SnCl^)  but  as  the  SnCl^  becomes  less  its  dissociation  is  more  com- 
plete, and  its  conductivity  therefore  increased.  These  tend  to 
balance  each  other.  As  the  HCl  increases  the  conductivity  of  the 
solution  increases ;  but  as  the  solution  becomes  more  concentrated 
with  reference  to  HCl,  the  acid  will  not  be  so  completely  dissociated. 
Likewise  these  tend  to  balance  each  other. 

(3)  The  dilute  solutions  of  SnCl^  hydrolyze  with  great  rapidity ; 
and  when  equilibrium  is  reached,  they  behave  in  every  respect  like 
dilute  solutions  of  HCl,  and  in  fact  an  equivalent  amount  of  this 
acid  is  generated  in  the  process  of  hydrolysis. 

4.  The  conductivity  of  solutions  of  SnCl4  of  medium  concentra- 
tion increases  slowly  with  time  and  tends  toward  a  maximum  value, 
namely,  the  conductivity  of  a  solution  of  HCl  of  the  same  equivalent 
strength. 

5.  In  the  very  concentrated  solutions,  the  conductivity  does  not 
change  with  time.  This  does  not  show  that  the  solution  has  not 
undergone  any  hydrolysis,  for  it  gives  a  strongly  acid  reaction. 

'  6.  The  stannic  compound  formed  by  hydrolysis  does  not  separate 
out  in  the  more  concentrated  solutions^  and  the  hydrolysis  of  dilute 
solutions  of  SnCl4  is  practically  complete  long  before  the  precipi- 
tation of  the  insoluble  compound  begins.  At  no  time  in  the  reac- 
tion does  the  stannic  hydrate  seem  to  take  any  part  in  determining 
the  conductivity  of  the  solution. 

This  compound  is  no  doubt   a  colloid  in  dilute  solutions,  es- 
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pecially  when  first  formed.  We  may  look  upon  a  colloid  as  a  body- 
in  pseudo-solution,  that  is,  a  step  between  a  true  solution  and  an 
emulsion.  It  is  known  that  the  diffusion  of  colloids  takes  place 
slowly,  the  osmotic  pressure  is  small  and  there  is  only  a  slight 
lowering  of  the  freezing-point  or  raising  of  the  boiling-point.  With 
these  facts  and  the  fact  that  colloids  do  not  conduct  electricity,  we 
conclude  that  they  are  not  only  larger  than  ordinary  molecules, 
but  that  they  are  not  dissociated  into  ions. 

7.  Attention  was  called  in  the  first  part  of  this  paper  to  the  ab- 
normally large  values  of  the  depressions  of  the  freezing-point  as 
found  by  Loomis.     For  w  =  0.04  (w  =  0.0 1  according  to  Loomis) 

—  was  found  to  be    12.61.     Considering  that   one  molecule  of 

SnCl^  will  give  4  HCl  molecules  (see  reaction  above)  and  that  the 
HCl  is  completely  dissociated  in  very  dilute  solutions,  we  shall  have 
eight  ions  for  every  molecule  of  SnCl^.  These  ions  would  take 
part  in  the  conduction  of  the  electricity  and  also  act  to  lower  the 

freezing:-F)oint.     The  maximum  value  of  —    would    therefore     be 

m 

(1.86  X  8)  =  14.88.     As  stated  above,  Loomis  found  —  =  12.61   for 

'  m 

a  solution  which  he  supposed  to  be  0.04  normal.  He  prepared 
this  solution  from  a  more  concentrated  solution  made  up  according 
to  Gerlach's  table.  According  to  this  table  the  gram-equivalent  so- 
lution  of  SnCl4  has   a   sp.  gr.  of  1.0486  I— ^l-     This  was  the 

strength  of  the  solution  used  by  Loomis.     The  writer  found  the 

(1 8^v 
— ^Q-i,  as  may 

be  seen  in  the  first  part  of  this  paper. 

Reducing  Loomis'  solution  as  prepared  from  Gerlach's  table  to 

18^ 

— Q-,  it  will  be  seen  that  our  solutions  differ  by  about  two  points  in 

4 

the  third  place  of  decimals.  With  these  facts  before  us,  Loomis 
prepared  a  solution  with  sp.  gr.  1.0486  (—V)'  ^"^  according  to 
my  analysis  it  was  found  to  be  1 1.5%  weaker  Hazxi  a  gram-equiva- 
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lent  solution.     Loomis'  value  for  —  (12.61)  is  therefore  11.5%  too 

small.     Its  corrected  value  is  14.25. 

A  0.04  gram-equivalent  solution  of  HCl  is  94.59^  dissociated 

a         3400  V 
'-=    2 —  I-     From  this  it  follows  that  the  theoretical  value  of 
11^       3600/ 

A  94.5 

—  is  14.88  X =  14.06.     It  is  thus  seen  that  this  value  corre- 

m        ^  100         ^ 

sponds  well  with  the  corrected  value,  14.25,  as  found  by  Loomis. 

8.  Stannic  chloride  does  not  furnish  an  exception  to  the  "  dis- 
sociation theory";  for  when  account  is  taken  of  its  hydrolysis,  the 
phenomena  manifested  in  its  aqueous  solution  in  connection  with 
the  electrical  conductivity  and  the  depression  of  the  freezing-point 
are  explained  in  accordance  with  this  theory.  On  the  other  hand, 
however,  it  furnishes  direct  evidence  against  the  **  hydrate  theory," 
for  the  hydrate  formed  takes  no  appreciable  part  in  the  conduction  of 
electricity.  Moreover,  it  is  not  probable  that  water  sets  HCl  free, 
and  then  unites  with  the  acid  to  form  a  second  hydrate.  We  must 
still  look  upon  the  theory  of  electrolytes  as  founded  by  Arrhenius 
and  others  on  van't  Hoff 's  view  of  the  nature  of  solution,  as  the  one 
nearest  in  accord  with  the  experimental  data. 

Finally,  I  wish  to  express  my  gratitude  to  Professor  Loomis 
whose  kindness  and  assistance  have  made  it  possible  to  carry  out 
this  investigation. 

Physical  Laboratory,  Princeton  University,  March,  1899. 
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NOTES. 

Gustav  Wiedemann,  whose  death  in  Leipzig  on  March  24,  1899,  has 
recently  been  announced,  was  born  October  2,  1826,  in  Berlin.  He  was 
educated  in  the  schools  of  his  native  city  and  later  at  the  University  of 
Berlin,  where  he  became  a  pupil  of  Rose  in  chemistry,  of  Dirichlet  in 
mathematics,  and  of  Magnus,  Dove  and  Mitscherlich  in  Physics.  There 
were  no  university  laboratories  for  physics  in  those  days,  but  Wiedemann 
with  a  few  other  favored  students,  among  whom  was  Helmholtz,"  was 
fortunate  enough  to  be  admitted  to  the  private  laboratory  of  Magnus. 
In  1847  he  received  the  degree  of  Doctor  of  Philosophy  and  in  1851 
was  enrolled  as  a  Privatdocent  in  Berlin.  In  the  latter  year  he  married 
Clara  Mitscherlich,  a  daughter  of  the  physicist. 

Wiedemann  served  for  nine  years  as  professor  of  physics  at  the  Univer- 
sity of  Basle  (1854  to  1863)  ;  he  then  taught  the  science  for  three  years 
in  the  Polytechnic  School  at  Brunswick,  and  in  1866  became  successor 
to  Eisenlohr  in  the  Polytechnic  Institute  at  Karlsruhe.  In  187 1  he  was 
appointed  professor  of  physical  chemistry  at  Leipzig.  In  1877  Hankel, 
who  had  been  for  many  years  director  of  the  Physical  Institute  of  that 
University,  was  retired  on  account  of  old  age  and  Wiedemann  became 
professor  of  physics  and  director  of  the  Institute.  This  chair  he  occu- 
pied until  his  death. 

Wiedemann  is  best  known,  perhaps,  as  the  author  of  the  compendious 
treatise  on  electricity  which  appeared  in  two  volumes  under  the  title 
DU  Lehre  vom  Gaivanismus  (Brunswick,  i860  to  1863).  It  was  subse- 
quently rewritten  and  greatly  enlarged  as  the  growth  of  the  subject  of 
electricity  demanded  and  was  re-issued  under  a  new  name  {Die  Lehre 
von  d^r  Elektrtdtdt),  in  1882.  Still  another  edition,  further  revised  and 
largely  rewritten  with  the  cooperation  of  the  author's  son.  Professor  E. 
Wiedemann  of  Erlangen,  was  in  progress,  and  two  volumes  had  appeared, 
at  the  time  of  the  father's  death. 

When  Professor  Poggendorff,  who  for  fifty -three  years  had  conducted 
the  AnnaUn  der  Physik  und  Chemie,  died,  the  editorship  of  this  famous 
periodical  was  placed  in  the  hands  of  Wiedemann,  and  he  remained  its 
editor  up  to  the  time  of  his  death,  during  which  period  sixty-seven  vol- 
umes were  issued.  In  addition  to  his  labors  as  editor  of  the  Annalen 
and  as  author  of  the  treatise  on  Electricity,  a  life  work  in  itself,  Wiede- 
mann carried  on  numerous  investigations  in  experimental  physics,  and 
particularly  in  the  domain  of  magnetism.     His  determination  of  the  con- 

>Scc  Hclmholu's  tribute  to  Wiedemann  in  Vol.  50  of  the  Annalen  (1893). 


Digitized  by 


GoogI( 


58  NOTES.  [Vol.  IX. 

ductivity  of  metals  carried  on  in  colaboration  with  Franz  has  become 
classical.  It  was  in  these  experiments  that  electrical  methods  were  first 
used  for  the  determination  of  the  distribution  of  temperatures.  As  a  lec- 
turer upon  the  elements  of  physics  and  of  chemistry  Wiedemann  was 
noted  for  the  clearness  and  simplicity  of  his  exposition  and  for  a  delight- 
ful fluency  and  ease  of  diction.  He  had  personal  acquaintanceship  with 
many  of  the  famous  experimenters  of  the  first  half  of  the  century,  and 
the  inexhaustive  fund  of  anecdote  concerning  them  and  their  work  was  a 
delightful  and,  historically  speaking,  valuable  element  of  his  lectures. 
He  treated  physics  from  the  point  of  view  of  the  chemist  rather  than  of 
the  mathematician,  and  chemistry  very  largely  from  the  standpoint  of 
experimental  physics. 

Although  he  was  for  many  years  professor  of  physical  chemistry  in  the 
University  of  Leipzig  he  did  not  deal  with  that  subject  as  it  is  now  treated. 
The  science  in  its  modern  sense  had  scarcely  been  developed.  He  was 
director  of  two  laboratories  in  the  old  University  Quadrangle  on  the 
Augustus  Platz  in  Leipzig ;  a  chemical  laboratory  and  a  laboratory  of 
physics.  These  were  always  held  distinct,  although  the  courses  given  in 
them  overlapped  to  a  great  extent.  The  work  done  in  both  of  them, 
like  that  of  Bunsen  in  Heidelberg,  covered  much  the  same  ground  as  the 
physical  chemistry  of  the  present  day,  but  while  it  was  not  physical 
chemistry  in  the  modem  sense  of  the  word  it  was,  at  least,  useful  in  that 
it  helped  to  make  the  newer  science  possible.  E.  L.  N. 

/ 

Wilhelm  Gottlieb  Hankel,  who  died  in  Leipzig,  February  i8,  1899, 

was  professor  of  physics  at  the  University  of  Leipzig  for  fifty  years. 
Hankel  was  bom  May  17,  1814,  at  Ermsleben,  Germany.  He  studied 
at  the  University  of  Halle  where  he  received  the  degree  of  Doctor  of 
Philosophy  in  1839.  For  ten  years,  subsequently,  he  was  a  teacher  in  the 
Reahchuie  of  that  town  and  professor  in  its  University.  In  1849  he  was 
called  to  the  chair  of  physics  at  the  University  of  Leipzig.  The  period 
of  Hankers  activity  as  a  man  of  science  lies  chiefly  between  1839,  when 
he  published  as  his  thesis  on  the  Thermo-electricity  of  Crystals,  a  field  in 
which  he  was  to  become  an  authority,  and  1870.  His  memoirs  covered  a 
wide  range,  but  he  is  best  known  for  his  work  upon  the  Electrical  Proper- 
ties of  Crystals.  He  continued  to  lecture  at  Leipzig  until  1887  and  to 
publish  occasional  memoirs  in  the  Annalen  and  in  the  Transactions  of  the 
Saxon  Academy  of  Sciences.  In  that  year  he  was  retired  from  active 
service  on  account  of  old  age  and  was  succeeded  by  Wiedemann.  These 
two  men  of  science,  Hankel  and  Wiedemann,  whose  loss  we  deplore,  died 
within  a  few  weeks'  time  of  one  another.  Experimental  physics  at  Leip- 
zig has  been  in  their  hands  for  half  a  century  and  for  forty  years  of  this  long 
period  Hankel  was  the  head  of  the  Physical  Institute  of  that  university. 

E.  L.  N. 
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NEW  BOOKS. 

Matter^  Energy,  Force  and  Work,  a  Plain  Presentation  of  Fundamcn- 
tal  Physical  Concepts  and  of  the  Vortex-atom  and  other  Theories,  By 
Silas  W.  Holman.  121x10.  Pp.  xiv  +  257.  New  York,  The  Mac- 
millan  Co.,  1898. 

This  book  is  more  than  its  title  would  indicate,  being  an  attempt  to  re- 
formulate the  fundamental  physical  concepts  so  as  to  bring  them  more 
into  accord  with  the  prominence  of  the  conception  of  energy  in  physical 
science  and  with  the  advances  recently  made  in  the  theory  of  the  consti- 
tution of  bodies. 

As  fundamental  concepts  are  those  in  terms  of  which  fundamental 
hjrpotheses  or  axioms  are  expressed,  the  re-formulation  of  concepts  should 
involve  a  similar  treatment  of  axioms.  That  this  is  desirable,  the  author 
does  not  seem  to  recognize ;  for  while  the  concepts  are  treated  with  great 
elaboration,  no  systematic  attempt  is  made  to  formulate  the  appropriate 
axioms.  The  reader,  therefore,  requires  to  find  out  for  himself  what 
changes  in  axioms  the  new  concepts  would  render  necessary. 

After  a  short  chapter  on  motion,  which  is  conservative,  indeed  retro- 
gressive, in  character,  the  concept  of  energy  is  introduced.  It  is  defined 
as  "power  to  change  the  state  of  motion  of  a  body,"  the  following, 
among  other  comments  being  made  :  (i)  "  Energy  stands  to  change  of 
state  of  motion  as  cause  to  eflect,"  and  (2)  "  Whenever  change  of  state 
of  motion  is  in  progress,  there  energy  must  be  in  action."  The  author 
holds,  and  considers  it  of  importance,  that  according  to  his  definition  it 
is  energy  only,  that  can  properly  be  said  to  produce  change  of  motion  ; 
but  while  this  position  is  consistent  with  (i),  it  seems  to  be  inconsistent 
with  the  definition  itself,  since  mere  power  to  change  can  hardly  be  said 
to  produce  change,  and  with  (2)  also,  which  would  make  energy  in  action 
the  essential  condition. 

Energy  being  thus  defined  anew,  the  author  devotes  a  chapter  to 
showing  that  all  forms  of  energy  in  the  old  sense  will  also  be  forms  of 
what  we  may  call  Holman-energy. 

Force  is  now  introduced  as  "that  action"  ("process,  mode  of 
acting,"  etc.)  "of  energy  by  which  it  produces  tendency  to  change  in 
state  of  motion  of  bodies,"  the  context  showing  that  "tendency  to 
change"  includes  its  actual  occurrence.  Force  is  thus  one  or  other  of 
two  processes,  which  are  apparently  assumed  to  belhe  same,  and  accord- 
ing to  the  author  (who  considers  this  also  to  be  important),  it  (i)  can- 
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not  be  said  to  be  an  "entity'*  in  the  same  sense  as  energy  can,  (2) 
•cannot  be  said  to  act,  though  energy  can,  and  (3)  can  be  produced  by 
nothing  but  energy.  But  he  does  not  show  how  mere  power  can  with 
any  propriety  be  said  either  to  be  an  "entity**  or  to  act,  or  how  a 
mode  of  acting  can  be  said  to  be  produced  by  a  power  to  change 
motion. 

The  quantitative  aspect  of  energy  is  now  reached;  and  here  the 
author  meets  with  a  difficulty  inherent  in  his  mode  of  definition.  The 
practice  of  defining  quantitatively  he  holds  to  be  ''inadmissible  in  a 
fundamental  treatment,'*  "however  harmless  in  mathematical  physics." 
As  his  definition  of  energy  is  accordingly  entirely  qualitative,  nothing 
quantitative  is  to  be  got  out  of  it.  He  gets  over  the  difficulty  by  means 
of  the  following  "axiom  :**  "To  accelerate  equally  from  rest  the  free 
motion  of  a  constant  body  at  different  times,  equal  quantities  of  energy 
must  be  imparted  to  the  body.  *  *  This,  however,  is  not  an  axiom  merely, 
for  the  term,  quantity  of  energy,  not  having  been  defined,  the  statement, 
as  a  generalization  of  experience,  is  without  meaning.  It  is  an  axiom  in 
part,  for  it  assumes  that  under  the  given  conditions  equal  somethings  are 
imparted  to  the  body  ;  and  it  is  a  definition  in  part,  for  it  tells  us  what 
the  term  equal -quantities-of-energy  is  to  mean.  Armed  with  this  axiom - 
definition  the  author  appeals  formally  to  experience,  imagining  experi- 
ments made  with  a  machine  by  the  aid  of  which  moving  bodies  can  ex- 
haust their  motion-changing  power  in  the  production  of  acceleration  in 
a  standard  body;  and  (to  sum  up  his  results)  he  finds  (i)  that  if  differ- 
ent bodies  with  different  velocities  produce  the  same  acceleration  in  the 
standard  body,  and  thus  afford  evidence  of  the  existence  of  equal 
quantities  of  energy,  it  is  possible  to  attach  to  the  different  bodies 
numerical  values  K^^  K^^  etc.,  such  that  if  ^,  ^,  etc.  are  the  velocities 
of  the  bodies,  K^V^^ K^V^=^^X.z. ^  and  (2)  that  the  IC^  are  the  same, 
whatever  the  time  of  the  observations  and  whatever  the  acceleration  pro- 
duced in  the  standard  body  may  be.  These  constants  K,  he  calls  the 
kinergeties  of  the  bodies.  He  then  assumes  that  the  kinergety  of  a  body 
is  proportional  to  the  quantity  of  its  kinetic  energy  when  it  has  a  given 
velocity,  /.  ^.,  he  defines  quantity-of-kinetic-energy  in  terms  of 
kinergety.  Thus  he  obtains  two  equations:  K  xi/V^  when  H  {i.  ^., 
Holman  kinetic  energy)  is  constant,  and  KxH  when  V  is  constant; 
whence /Toe  A'^^ 

As  kinergety  and  mass  (in  the  ordinary  sense)  are  both  quantities 
which  have  at  all  times  the  same  value  for  the  same  body,  they  are  pro- 
portional to  one  another,  as  also  consequently  are  kinetic  Holman-energy 
and  kinetic  energy.  The  author  assumes  throughout  the  book  that  kiner- 
gety and  mass  are  proportional ;  but  as  his  **  mass*'  "  is  nothing  more 
than  a  verbal  substitute  for  the  words  quantity  of  matter,  *  *  the  assumption 
of  their  proportionality  is  quite  gratuitous,  if  it  has  any  meaning  at  all. 
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We  are  next  introduced  to  the  phenomena  of  transference  and  trans- 
formation of  energy  and  the  law  of  conservation  to  which  they  are  sub- 
ject. The  law,  as  formally  stated,  is  the  law  of  conservation  during  trans- 
ference and  transformation  only,  and  does  not  assert  conservation  during 
residence  in  a  body  or  medium  ;  but  the  context  shows  that  this  restric- 
tion is  not  intentional.  Sketches  are  given  of  the  historical  develop- 
ment of  this  generalization  and  of  the  experimental  evidence  on  which 
it  is  based,  and  some  instances  of  transformation  are  considered.  It 
should  be  noted  that  the  law  of  conservation  as  historically  developed, 
applies  to  energy  as  ordinarily  defined,  not  to  Holman -energy.  And 
indeed  as  quantity  of  non-kinetic  Holman-energy  has  not  yet  been  de- 
fined, a  law  of  conservation  of  Holman-energy,  if  stated,  would  have 
no  meaning.  The  author,  however,  evidently  intends  to  assert  the  con- 
servation of  Holman-energy  as  a  fundamental  axiom.  For  him,  there- 
fore, the  law  is  at  this  stage,  in  part  a  definition,  quantity  of  Holman- 
energy  of  any  form  being  tacitly  defined  as  equal  to  the  quantity  of 
kinetic  energy  into  which  it  is  transformable,  and  in  part  hypothesis,  the 
quantity  of  kinetic  energy  into  which  it  is  transformable  being  assumed 
to  be  independent  of  time  and  mode  of  transformation. 

The  specification  of  force  presents  a  difficulty ;  for  as  force  is  a  mere 
process  or  mode  of  acting,  one  does  not  see  why  it  should  have  direc- 
tion or  place  of  application  or  magnitude.  It  is  assumed,  however,  to 
have  all  three ;  and  it  is  asserted  ( i )  that  the  direction  of  the  mode  of 
acting  is  the  direction  in  which  the  body  subjected  to  it  would  move  if 
free,  (2)  that  the  point  of  application  is  the  point  at  which  the  mode  of 
acting  is  applied,  and  (3)  that  the  magnitude  is  *'  naturally  measured  by 
the  rate  [/.  ^.,  space  rate]  at  which  energy  is  imparted."  The  critic 
naturally  holds  that  the  direction,  point  of  application,  and  magnitude  of 
force  have  been  defined  quite  independently  of  the  definition  of  force 
itself.  It  follows,  by  the  aid  of  these  supplementary  definitions,  that 
Holman-force  is  proportional  to  the  product  of  kinergety  into  accelera- 
tion, and  therefore  to  the  product  of  mass  into  acceleration,  and  there- 
fore to  ordinary  force. 

Work  is  defined  as  '*any  process  of  transference  or  transformation  of 
energy,"  and  like  force  is  thus  relegated  to  the  limbo  of  non-entities. 
It  is  a  process,  *'as  force  is,  but  of  a  different  nature."  If  the  body 
acted  upon  has  sufficient  freedom  of  motion,  "the  energy  will  both 
exert  force  and  perform  work."  Thus  in  such  a  case  energy  (power  to 
change  motion)  produces  two  processes  of  different  nature.  This  view 
certainly  does  not  conduce  to  clearness  ;  but  it  admits  of  subtle  language 
distinctions,  as,  e,  g.,  that  it  is  permissible  to  say  :  work  done  under  or 
against  a  force,  but  not  to  say  :  work  done  by  or  under  the  action  of  a 
force.  One  wonders  how  work,  a  process,  can  be  said  to  be  done  at  all,, 
and  if  it  can,  why  the  other  process,  force,  cannot  be  said  to  be  done  also. 
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The  context  contains  a  curious  modification  of  the  definition  of  work, 
V\z, ,  that  the  word  transference  is  employed  in  it  in  the  sense  of  im- 
parting from  one  portion  of  substance  to  an  adjacent  one.  The  author 
apparently  regards  the  conception  of  work  as  not  applicable  in  dis- 
tance-action treatments  of  physical  problems  except  in  cases  in  which 
transformation  of  energy  only  is  involved.  But  there  is  nothing  in  his 
concepts  to  prevent  their  being  employed  both  in  distance-action  and  in 
■contact-action  modes  of  treatment. 

It  is  asserted  to  be  *' evident  from  the  nature  and  definition  of  work 
that  it  is  to  be  measured  by  the  quantity  of  energy  transferred  or  trans- 
formed,'* and  therefore  by  the  product  of  Holman -force,  and  conse- 
•quently  of  ordinary  force,  into  co -directional  displacement.  As  we 
know  nothing  of  the  nature  of  work  except  from  the  definition,  this  evi- 
<ient-ness  cannot  be  admitted  Thus  in  reality  a  quantitative  definition 
has  again  been  superposed  upon  the  original  qualitative  one. 

Finally  the  term  potential  energy  is  used  to  denote  energy  which  either 
is  not,  or  is  not  known  to  be,  kinetic,  and  its  treatment  will  thus  be 
obvious. 

The  closing  chapters  of  the  book  contain  sketches  of  the  kinetic  theory 
of  gases,  Le  Sage's  theory  of  gravitation,  and  the  vortex-atom  theory  of  the 
-constitution  of  bodies.  In  the  light  especially  of  the  vortex -atom  theory, 
the  author  is  led  to  distinguish  between  '*  primary  substance,"  devoid  of 
•energy,  to  which  he  would  restrict  the  term  matter,  and  **  substance," 
specifically  so  called,  resulting  from  the  association  of  energy  with  mat- 
ter. The  properties  of  substance  are  the  properties  of  bodies,  which  are 
bounded  portions  of  substance.  The  properties  of  "matter"  he  en- 
deavors to  get  at  by  a  process  of  exhaustion  ;  but  as  might  be  expected,  he 
is  able  to  reach  no  definite  conclusion  ;  for  the  properties  of  the  primary 
rsubstance  are  to  be  determined  not  by  ratiocination,  but  by  investiga- 
tion. If  we  must  ascribe  properties  to  it  at  all,  at  present,  they  must  be 
considered  to  be  the  properties  of  a  perfect  fluid,  these  being  the  prop- 
erties that  the  vortex-atom  theorist  finds  he  must  ascribe  to  it  in  order 
to  account  for  physical  laws. 

"Matter"  is  asserted  to  be  quantitative ;  and  the  term  mass  is  pro- 
posed as  a  synonym  for  quantity  of  matter,  quite  regardless  of  two  facts 
(i)  that  this  term  is  already  almost  universally  employed  in  a  quite  dif- 
ferent sense,  and  (2)  that  as  yet  there  is  no  concept,  quantity  of  matter,  to 
require  a  name.  This  second  objection  is  met  by  assuming  (/.  e,,  defin- 
ing) quantity  of  matter  as  proportional  to  quantity  of  substance,  itself  as 
yet  a  mere  phrase.  Quantity  of  substance  is  next  assumed  to  be  (/.  e., 
defined  as)  proportional  to  kinergety.  Hence  quantity-of-matter  be- 
comes proportional  to  kinergety  also,  and  both  it  and  quantity-of-sub- 
lance,  proportional  to  weight  at  one  place.     The  quantities-of-substancc 
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of  two  bodies  may  thus  be  compared  by  means  of  the  balance ;  and  it  is 
proposed  that  when  so  determined  they  shall  be  called  the  weightals  of 
the  bodies. 

This  conception  of  weightal  the  author  hopes  will  bring  to  an  end  the 
controversy  between  chemists  and  physicists  as  to  the  use  of  the  terms 
weight,  mass,  atomic  weight,  atomic  mass,  etc.  Neither  mode  of  expres- 
sion, according  to  the  author,  is  justifiable,  weightal,  atomic  weightal, 
etc. ,  being  the  only  defensible  terms ;  and  he  holds  this  on  the  ground 
that  what  the  chemist  means  by  weight  is  quantity-of-substance.  The 
chemist,  however,  knows  nothing  of  ** quantity-of-substance.**  He  has 
found  it  possible  to  account  for  phenomena  by  assuming  that  his  elements 
enter  into  combination  in  the  form  of  little  bodies  which  have  a  definite 
relation  to  one  another  with  respect  to  their  weights  (combination  must 
occur  at  one  place),  and  have,  therefore,  the  same  relation  with  respect 
to  their  masses.  Obviously,  therefore,  atomic  weight  and  atomic  mass  are 
equally  appropriate  terms,  even  if  the  term  weight  be  restricted  to  its 
sense  of  force.  Atomic  weightal  would  be  justifiable  also ;  but  if  the 
chemist  and  physicist  quarrel  about  the  two  terms  they  have,  what  may 
they  not  be  expected  to  do  if  given  a  third  ! 

So  far  then  as  the  writer  is  able  to  judge  the  author  cannot  be  said  to 
have  been  successful  in  re-formulating  the  physical  concepts.  He  makes 
no  use  of  his  formal  definitions  except  to  draw  from  them  precepts,  which 
in  some  cases  refuse  to  be  drawn,  as  to  what  we  should  say  and  refrain  froni 
saying ;  and  as  these  definitions  form  really  no  part  of  his  system,  which 
would  stand  without  them,  even  those  precepts  which  are  deducible  from 
them  are  not  binding.  Though  the  independent  quantitative  definitions, 
with  the  axioms  expressed  in  terms  of  them,  form  a  complete  statement  of 
the  foundations  of  dynamics  (the  axioms  employed  being  the  constancy  of 
kinergety  and  the  conservation  of  energy,  which  in  hypothetical  content, 
are  equivalent  to  the  axioms  ordinarily  employed),  the  definitions  and 
axioms  are  so  inextricably  intermingled  that  the  axioms  require  to  be 
enunciated  piece-meal.  The  equations  by  which  the  axioms  are  expressed 
are  practically  identical  with  those  derived  from  the  axioms  ordinarily 
employed  ;  and  there  is  thus  no  gain  of  facility  in  the  discussion  of  phys- 
ical problems.  While,  therefore,  the  proposed  system  of  dynamical  doc- 
trine has  no  points  of  superiority  over  the  old  system,  it  has  points  of  dis- 
tinct inferiority. 

Nevertheless  the  book  as  a  whole  is  one  from  which  the  reader  who  is 
acquainted  with  the  current  dynamics  will  derive  considerable  benefit. 
For  apart  from  the  stimulus  to  be  gained  from  looking  at  things  from  a 
new  point  of  view,  he  will  find  scattered  through  the  work  interesting 
discussions  of  such  topics  as  resistance  to  acceleration,  the  mechanism  of 
the  transference  of  energy,  the  possibility  of  all  energy  being  ultimately 
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kinetic  in  form,  and  many  others.  The  sketches  of  the  theories  of  the 
constitution  of  bodies,  especially  of  the  vortex -atom  theory  are  admirable 
pieces  of  exposition ;  and  the  critical  discussions  of  these  theories,  as  well 
as  their  application  to  the  discussion  of  such  subjects  as  the  nature  of 
chemical  energy,  are  characterized  by  insight  and  originality  and  are 
worthy  of  careful  consideration.  In  fact  all  parts  of  the  book  in  which 
the  author  discusses  physical  questions  are  of  value.  It  is  only  when  he 
endeavors  to  lay  foundations  which  shall  be  more  fundamental  than 
those  of  mathematical  physics,  and  must  therefore  be  laid  in  the  meta- 
physical region,  that  as  a  writer  on  physics  he  lays  himself  open  to  seri- 
ously adverse  criticism.  J.  G.  MacGregor. 

Harper's  Scientific  Memoirs,  Vol.  III.  Rontgen  Rays.  Memoirs 
by  Rontgen,  Stokes  and  J.  J.  Thomson  ;  translated  and  edited  by 
George  F.  Barker,  LL.D.,  pp.  76.  Vol.  IV.  Modern  Theory  of 
Solution.  Memoirs  by  Pfeffer,  van*t  Hoff,  Arrhenius  and 
Raoult;  edited  by  Harry  C.  Jones,  Ph.D.  Pp.  134.  New  York, 
Harper  &  Brothers.     1899. 

In  Professor  Barker  volume,  translations  of  the  original  papers  of 
Rontgen  are  appropriately  followed  by  Stokes's  suggestive  lecture  on  the 
nature  of  the  phenomena.  The  value  of  the  volume  would  have  been 
•further  enhanced,  perhaps,  if  a  larger  amount  of  space  had  been  allotted 
to  the  valuable  work  of  J.  J.  Thomson  in  this  field. 

The  memoirs  selected  for  translation  in  Professor  Jones's  volume  are 
well  chosen.  They  give  the  reader  who  has  not  followed  the  newer  work 
in  physical  chemistry  a  satisfactory  glimpse  of  the  modern  theory  of  so- 
lution. 

E.  L.  N. 
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THE   SPECIFIC   HEAT   OF   SOLUTIONS   WHICH 
ARE   NOT   ELECTROLYTES. 

By  William  Francis  Magie. 

I .  The  specific  heat  of  solutions  has  already  been  made  the  sub- 
ject of  extended  researches.  In  one  of  these,  by  Schuller/  it  was 
found  that  with  mixtures  of  chloroform,  benzene  and  bisulphide  of 
carbon  the  heat  capacity  was  equal  to  the  sum  of  the  heat  capacities 
of  the  two  liquids  mixed.  In  the  case  of  alcohol  mixed  with  these 
liquids  or  with  water  no  such  simple  relation  held,  but  the  observed 
heat  capacity  was  higher  than  that  given  by  this  rule.  As  a  part  of 
his  famous  thermochemical  investigations,  Thomsen^  stud.ed  the 
specific  heats  of  about  thirty  aqueous  solutions  of  acids  and  salts. 
Besides  giving  the  observed  specific  heat,  Thomsen  calculated  the 
apparent  molecular  heat  of  the  dissolved  substance  or  solute  by 
subtracting  the  heat  capacity  of  the  water  in  the  solution  from  the 
total  heat  capacity  and  determining  from  this  difference  the  apparent 
heat  capacity  of  a  mass  of  the  solute  which  was  equal  to  its  molec- 
ular weight  This  apparent  molecular  heat  diminished  as  the  dilution 
was  increased,  even  in  many  cases  becoming  negative.  This  result 
was  confirmed  by  Marignac,*  who  found  besides  that  with  aqueous 
solutions  of  sugar  and  with  solutions  of  sulphur,  phosphorus  and 
iodine  in  bisulphide  of  carbon,  the  molecular  heats  were  constants 

jPogg.  Ann.  Erganzungsband,  V.,  p.  Ii6,   187 1. 

«Pogg.  Ann.,  142,  p.  337,  187 1. 

»  Ann.  de  Chem.  et  de  Phys.,  4  Sen,  XXII.,  p.  385,  1871. 
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for  every  concentration.  As  will  be  seen  from  the  following  discus- 
sion, the  reason  for  the  differences  observed  in  these  solutions  lies 
in  their  different  behavior  with  respect  to  osmotic  pressure. 

2.  In  this  discussion  we  shall  use  the  method  applied  by  van't 
Hoff  to  the  study  of  the  molecular  depression  of  the  freezing  point. 
The  solution  considered  is  supposed  to  be  made  up  by  dissolving  n 
gram-molecules  of  the  solute  in  iV  gram-molecules  of  the  solvent 
(a  gram-molecule  is  a  weight  of  the  substance  in  grams  equal  to  its 
molecular  weight).  Let  the  solution,  the  mass  of  which  is  W,  be 
enclosed  in  a  vessel  furnished  with  a  semipermeable  wall,  and  so 
arranged  that  pressure  may  be  exerted  upon  it  by  means  of  a  piston. 
By  the  aid  of  this  vessel  and  the  proper  accessory  reservoirs  of  heat 
the  following  reversible  operations  may  be  performed. 

By  exerting  the  pressure  p^  upon  the  solution  we  may  force  out 
some  of  the  pure  solvent  through  the  semipermeable  membrane. 
The  diminution  in  volume  of  the  solute  will  entail  a  development  of 
heat,  and,  to  keep  the  temperature  constant  at  the  original  tempera- 
ture /^,  this  heat  must  be  abstracted.  Let  us  designate  by  fi^dv 
the  heat  which  must  be  abstracted  to  keep  the  temperature  con- 
stant, while  the  volume  is  diminished  by  dv.  Then  fi^  may  be 
called  the  latent  heat  of  expansion.  The  compression  is  continued 
until  a  mass  w  of  the  solvent  is  removed  from  the  solution.    The  work 


done  by  the  external  pressure  is  j     p^dv  and  the  heat  abstracted 


IS 


j    fJi^dv,  when  t/  and  z/'  are  the  volumes  of  the  original  solution 

and  of  the  more  concentrated  solution  after  the  mass  w  of  the  sol- 
vent is  removed. 

We  then  cool  the  solution  and  that  portion  of  the  solvent 
which  is  outside  the  vessel  to  the  slightly  lower  temperature  /.  To 
do  this  we  remove  the  quantities  of  heat /'( J'F  —  2£;)(/^j  — /)  and 
.^uf{t^  —  /)  from  the  solution  and  the  solvent  respectively.  The  sym- 
bols y  and  s  represent  the  specific  heats  of  the  solution  and  the 
s  ^Ivent  respec^^ively. 

We  then  allow  the  solvent  to  enter  the  vessel  again  through 
tie  membrane.  By  this  operation  work  is  done  against  the  external 
j>-essure/,  which  may  be  different  irom  p^  because  of  the  difference 
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of  temperature,  and  heat  is  consumed,  which  must  be  supplied  from 
without  to  keep  the  temperature  constant.  Using  similar  symbols 
to  those  already  introduced,  we  shall  represent  the  work  done  by 

I  pdv,  and  the  heat  supplied  by  I  fxdv.  In  this  statement  we  ig- 
nore the  slight  change  of  volume  of  the  liquids  due  to  the  difference 
of  temperature. 

We  then  raise  the  temperature  of  the  solution,  which  now  con- 
tains all  the  solvent,  to  the  original  value  t^.  To  do  this  we  intro- 
duce the  quantity  of  heat  /  W{t^  —  /)  where  s'  is  the  specific  heat  of 
the  original  solution. 

By  these  operations,  which  are  all  reversible  with  respect  to  the 
liquids  serving  as  the  working  substance,  we  have  brought  the  sys- 
tem back  to  its  original  state.  We  may,  therefore,  write  the  equa- 
tions of  energy  and  entropy  for  this  cycle.  To  form  the  first  of 
these  we  set  the  heat  removed  from  the  system  equal  to  the  work 
done  upon  it,  and  have,  on  rearranging  the  terms, 

The  second  equation  is  formed  by  substituting  in  the  equation 
j  -^  =  o  the  appropriate  values  of  dQ  and  of  T  for  each  of  the 

four  operations.  If  the  temperatures  t^  and  /  are  taken  on  the  abso- 
lute scale,  this  equation  becomes 

{b)    £^{^^ -  / ) ^^  +  l^Vv- w)  +  sw^ ^'^^/'"t  =  ^• 

Now   I      —  =  log  y  =  ^       ,  if  the  difference  of  temperature  is 

so  small  that  we  may  neglect  all  terms  in  the  expansion  beyond  the 
first.      Hence  {b)  becomes 

(r)       £U^^(^^dv+  \s'\W^w)  +  sw-s'W\^-^^  =0. 

Now  V  and  /  are  independent,  so  that  we  may  introduce  /  as  a 
factor  in  the  integral  with  respect  to  t/,  and  hence  from  {a)  and  {c) 
we  get 
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It  was  shown  by  van*t  Hoff,  and  his  conclusion  has  been  re- 
peatedly confirmed,  that  the  osmotic  pressure  in  many  solutions  is 
proportional  to  the  absolute  temperature.  If  the  pressure  exerted 
in  the  operations  described  is  the  osmotic  pressure  and  if  it  obeys 

this  law  we  may  set  in  (rf)  7  =  7^,  or  ^— ^  =  /^  I  -  —  -  I,  and  ob- 

tain  {e)  /^o  =  A  J  ^^»  ^^  osmotic  pressure  equals  the  latent  heat  of 
expansion.     This  relation  is  well  known  and  has  been  frequently 
assumed  as  the  basis  of  a  demonstration  that  the  osmotic  pressure 
is  proportional  to  the  absolute  temperature. 
Using  this  in  {a)  or  (^)  we  obtain 

(/)  s''{lV^w)  +  sw=^s'lV, 

a  relation  which  shows  that  the  heat  removed  in  the  second  opera- 
tion is  equal  to  that  introduced  in  the  fourth. 

3.  The  relation  here  found  is  equivalent  to  the  law  that  the  spe- 
cific heats  of  the  solvent  and  of  the  solute  are  constant  at  all  con- 
centrations. For,  let  us  call  the  masses  of  the  solvent  and  of  the 
solute  in  the  original  solution  M  and  m  respectively,  and  let  us  use 
(T  to  designate  the  specific  heat  of  the  solute  in  the  solution.  Then 
by  the  law  just  stated  we  may  write  for  the  heat  capacity  of  the 
solution  before  and  after. the  mass  w  of  the  solvent  has  been  re- 
moved 

f  s'{M+  m)  =  sM+  am 
^^^  \  s'\M "  w-^m)  =  s{M—  w)  +  am 

from  which  we  get  (/),  since  W=  M  +  m, 

4.  This  law  has  been  deduced  from  the  assumption  that  the  so- 
lute exerts  a  pressure  under  the  following  limitations  : 

1.  The  pressure  exerted  by  the  solute  must  be  proportional  to 
the  absolute  temperature. 

2.  The  work  done  against  any  external  pressure,  say  that  of  its 
own  vapor,  in  forcing  out  the  solvent,  is  neglected. 

3.  The  specific  heats  are  supposed  to  be  independent  of  the  tem- 
perature. 
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4.  The  change  of  volume  consequent  upon  change  of  tempera- 
ture is  neglected. 

Of  these  the  first  is  the  only  one  that  has  been  formally  intro- 
duced into  the  equations.  According  to  the  investigation  of  Schiller  ^ 
the  second  introduces  a  term  which  is  of  the  second  order  of  small 
quantities  and  is  assumed  by  him  to  be  negligible.  There  are  no 
data  at  hand  by  which  we  can  examine  this  matter  fully,  but  I  hope 
to  be  able  to  consider  it  at  some  future  time.  It  may  be  that  this 
term  is  involved  in  the  explanation  of  the  behavior  of  such  solutions 
as  those  of  alcohol  in  water,  in  which  solution  is  attended  with  a 
considerable  change  of  temperature  and  diminution  of  volume.  In 
these  cases,  however,  it  seems  that  the  pressure  which  must  be  ex- 
erted to  force  out  the  solvent  will  not  be  that  merely  which  is  re- 
quired to  compress  the  solute  as  a  gas,  but  different  from  that,  in 
consequence  of  the  molecular  interactions  between  the  solute  and 
the  solvent,  and  that  this  pressure  may  be  a  function  of  the  tem- 
perature which  does  not  conform  to  the  first  condition. 

It  is  one  of  the  fundamental  propositions  of  the  modem  theory  of 
solutions  that  non-electrolytes  in  solution  exert  an  osmotic  pressure 
which  is  proportional  to  the  absolute  temperature,  and  if  these  sub- 
stances do  not  develop  or  absorb  heat  on  going  into  solution  it  seems 
probable  that  the  pressure  needed  to  force  out  the  solvent  is  equal  to 
the  osmotic  pressure ;  so  that  such  solutions  should  exhibit  specific 
heats  that  conform  to  the  simple  law  stated  above.  Electrolytes 
should  also  conform  to  the  law  when  the  dissociation  is  complete. 
But  before  dissociation  is  complete,  it  would  seem  that  the  osmotic 
pressure  of  electrolytes  should  not  be  exactly  proportional  to  the 
absolute  temperature.  Certainly  the  dissociation  of  a  gas  is  a 
function  of  temperature  as  well  as  of  volume,  and  there  does  not 
seem  to  be  any  essential  distinction  between  the  dissociation  of  a 
gas  and  that  of  an  electrolyte  in  solution.  Furthermore,  the  change 
of  electrical  conductivity  with  temperature  is  such  as  to  indicate  a 
connection  between  the  dissociation  and  the  temperature. 

It  is  true  that  the  founders  of  the  theory  of  solutions  considered 
Gay-Lussac's  law  applicable  to  electrolytes  as  well  as  to  non-elec- 
trolj'tes,  and  cited  the  measurements  of  Pfeffer  and  others  in  sup- 
'  Wied.  Ann.,  Vol.  67,  p.  299, 1899. 
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port  of  this  view.  All  that  can  be  said  at  present  in  this  connection 
is  that  the  evidence  for  this  view  is  incomplete.  In  comparisons  of 
isotonic  solutions  with  each  other  it  may  have  happened  that  the 
change  of  dissociation  was  nearly  the  same  in  both  solutions,  so  that 
they  remained  isotonic  without  conforming  precisely  to  Gay-Lus- 
sac's  law.  Most  of  the  direct  measurements  show  a  departure  from 
Gay'-Lussac*s  law,  which  is  slight,  to  be  sure,  but  still  perhaps  suf- 
ficient to  account  for  the  variability  of  the  specific  heats  of  electro- 
lytic substances.  Moreover,  the  experiments  on  osmotic  pressure 
were  carried  out  with  solutions  which  were  more  dilute,  as  a  rule, 
than  those  used  in  the  determinations  of  specific  heats,  and  the  more 
dilute  solutions  should  conform  more  closely  to  Gay-Lussac*s  law. 
5.  In  case  the  pressure  is  not  proportional  to  the  absolute  tem- 
perature, we  may  return  to  equation  (^),  which  holds  in  any  case. 
If  we  divide  by  t^  —  /,  and  remember  that  /(,  —  /  may  be  as  small  as 
we  please,  we  have  in  the  limit. 

We  may  then  write  {a)  in  the  form 

(A)         s"{W-  w)  +  sw-  ^w=£  \'Tt~Tt\'^'"- 

But  from  the  known  thermodynamic  relation  — —  =  /--,  in  which 

36  •  ^  ^        dfJL      dp         ^V        J      ,_    .     .       .    /,x 

-—  =  /i,  we  may  deduce  ->  -  =  -^-  +  /  ~~7a*  ^^^  substituting  in  {h) 

we  have 

Now  if  we  know  the  specific  heats  at  different  concentrations  we 
may  calculate  from  our  observations 

following  the  analogy  of  (^),  except  that  ^'  will  not  be  equal  to  ^". 
In  these  equations  ^'  and  ^"  are  the  apparent  heat  capacities  of  the 
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solute,  on  the  hypothesis  that  the  specific  heat  of  the  solvent  remains 
constant.  They  become  the  apparent  molecular  heats  when  m  is 
the  mass  of  one  gram-molecule  of  the  solute.     From  them  we  get 

and  hence 


(/)  ^'-^"'=X 


t  -j^  dv. 


6.  Now,  as  may  easily  be  shown,  ^'  —  C"  is  the  difference  be- 
tween the  heat  capacities  of  the  system  in  its  two  states.  Since  it  is 
a  function  of  the  volume  of  the  solution,  we  may  write 


^'-^"  =  i^Iv'^ 


where  c  is  the  heat  capacity,  and  hence,  dropping  the  integral  signs, 
/    X  dc        d^p 

dH 
From  this  it  follows,  when /  =  /cons.,  since  then  -^o  =  o,  that 

dc 

^  =  o,  which  expresses  the  result  in  the  special  case  of  non-elec- 
trolytes. 

In  this  form  the  results  given  in  the  preceding  sections  were 
recently  published  by  N.  Schiller.^  They  were  presented  by  me  to 
the  Princeton  Science  Club  on  May  I2,  1898,  and  were  published 
in  abstract  in  the  Princeton  University  Bulletin  for  January,  1 899. 
The  delay  in  publication  was  due  to  my  desire  to  confirm  the  con- 
clusions of  theory  by  experiment.  The  observations  recorded  in 
this  paper  were  begun  in  November,  1 898. 

7.  I  have  not  been  able  as  yet  to  do  more  than  examine  certain 
non -electrolytic  solutions.  In  general  the  results  obtained  with 
these  confirm  the  law  expressed  in  equations  (^)  or  (/),  §  4. 
Where  they  do  not  do  so,  as  in  the  case  of  solutions  of  which 
alcohol  is  a  constituent,  further  study  of  the  properties  of  the  solu- 
tions will  be  needed  before  the  theory,  in  the  form  given  in  equation 
(/),  can  be  tested.     For  electrolytic  solutions  the  investigations  of 

*  Wied.  Ann  ,  Vol.  67,  p.  2^q,  1S99. 
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Thomsen  and  Marignac  furnish  a  wealth  of  material.  In  these  cases 
also  the  properties  of  these  solutions  must  be  studied  further  before 
the  theory  can  be  tested  as  it  applies  to  them. 

8.  The  method  used  in  the  determination  of  the  specific  heat  was 
a  modification  of  Pfaundler's  method.^  This  method  consists  essen- 
tially in  the  communication  of  equal  quantities  of  heat  to  two  simi- 
lar calorimeter  vessels,  one  containing  the  standard  liquid  and  the 
other,  the  liquid  to  be  observed.     The  communication   of   equal 


Fig.  I. 

quantities  of  heat  is  accomplished  by  passing  an  electrical  current 
through  two  coils  of  equal  resistance,  one  of  which  is  immersed  in 
each  liquid.  In  the  experiments  to  be  described  this  method  is 
especially  convenient,  for,  since  the  quantity  ultimately  desired  is 
the  molecular  heat  of  the  solute,  the  solvent  can  be  used  as  the 
standard,  and  a  suitable  adjustment  of  the  weights  of  the  standard 
and  of  the  solution  under  examination  brings  about  a  nearly  equal 
rise  of  temperature  in  both  calorimeters.     In  this   case,  since  the 

»Wien.  Acad.  Bericht.,  Vol.  LIX.,  1869. 
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calorimeters  are  similar,  the  corrections  for  the  calorimeter  constants 
and  for  radiation  become  negligible. 

The  calorimeters  (Fig.  i)were  cylindrical  cups  of  thin  brass,  four 
inches  in  diameter  and  six  inches  high,  weighing  with  the  stirrers 
hereafter  to  be  described,  176  grams  each.  They  were  set  upon  a 
network  of  fine  cord  within  larger  brass  vessels,  six  inches  in  diam- 
eter and  eight  inches  high,  and  were  centered  by  three  wooden  pins 
projecting  from  rings  that  fitted  within  the  exterior  vessels.  Only 
one  of  these  vessels  is  shown  in 
the  figure.  These  exterior  ves- 
sels, or  shields,  were  set  on  hori- 
zontal wooden  disks.  A,  mounted 
on  spindles  ast  urn-tables  and 
arranged  so  as  to  be  rotated  in 
the  same  sense  and  at  the  same 
rate  by  a  cord  passing  around 
their  circumferences  and  over  a 
wheel  B,  fixed  to  an  offset  from 
the  base.  At  the  bottom  of  each 
of  the  calorimeters  was  placed  a 
stirrer.  Fig.  2,  A.  This  con- 
sisted of  a  brass  fan  or  screw 
made  up  of  four  blades  radiating 
from  the  center  and  set  at  an 
angle  of  about  60°  from  the  vert- 
ical. A  part  of  the  lower  por- 
tion of  each  blade  was  cut  away 
so  as  to  prevent  the  accumula- 
tion of  liquid  between  it  and  the  bottom  of  the  vessel.  This  stirrer 
was  made  to  fit  tight  in  the  calorimeter  vessel  and  was  held  in  posi- 
tion by  friction.  It  was  found  that  when  the  calorimeters  were 
rotated,  the  interference  of  the  resistance  coils  and  thermometers 
with  the  free  motion  of  the  liquids  combined  with  the  effect  of  the 
stirrers  to  produce  a  turbulent  motion  sufficient  to  keep  the  liquids 
thoroughly  mixed.  The  stirring  could  be  promoted  by  occasionally 
changing  the  sense  of  the  rotation.  This  method  of  stirring  proved 
itself  highly  satisfactory.  No  errors  in  the  results  could  be  traced 
to  insuflficient  mixing  of  the  different  parts  of  the  liquid. 
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The  resistance  coil,  Fig.  2,  C,  and  thermometer,  D,  for  each 
calorimeter  were  carried  by  a  light  cross  of  wood,  E^  the  ends  of 
which  rested  on  a  ring  of  tin,  Fig.  i,  C,  supported  above  the  vessels 
by  wooden  pillars.  The  coil  and  thermometer  were  therefore  held 
fixed,  while  the  calorimeter  vessel  rotated  about  them.  On  the 
arms  of  the  cross,  in  suitable  positions,  were  fastened  blocks  of 
cork,  which  cleared  the  upper  edge  of  the  vessel  by  perhaps  an 
eighth  of  an  inch  when  it  was  in  position,  and  which  served  to  sup- 
port the  coils,  etc.,  when  the  calorimeter  was  removed  from  its  place 
for  weighing  or  cooling.  It  is  in  this  latter  condition  that  the  cal- 
orimeter is  represented  in  Figure  2.  The  coil  was  a  spiral  of 
special  German  silver  wire  No.  24  B.  &  S.  with  a  resistance  of  about 
4  ohms  and  with  an  exceedingly  small  temperature  coefficient.  This 
wire  was  very  obligingly  furnished  me  by  Mr.  Edward  Weston  of 
the  Weston  Electrical  Instrument  Company  of  Newark,  N.  J.  The 
ends  of  the  spiral  were  attached  to  heavy  copper  wires,  and  the  middle 
of  the  spiral  was  held  down  nearly  to  the  bottom  of  the  vessel  by  a 
hook  made  in  the  end  of  a  glass  tube  F,  drawn  out  into  a  thin  stem 
and  fixed  to  the  cross.  The  two  parts  into  which  the  spiral  was  thus 
divided  were  each  of  them  rigid  enough  to  hold  their  positions  with- 
out any  appreciable  yielding.  The  copper  rods  supporting  the  spiral 
were  fixed  near  the  two  extremities  of  the  arm  of  the  cross,  and 
their  upper  ends  were  bent  in  so  as  to  fit  into  the  mercury  cups  of 
a  Carey  Foster  Bridge.  By  means  of  this  bridge  the  resistances  of 
the  two  coils  could  be  compared  and  adjusted  whenever  required. 

The  thermometer  was  borne  by  the  other  arm  of  the  cross  and 
was  placed  about  half  way  between  the  vessel  and  its  walls.  The 
upper  end  of  its  bulb  was  generally  immersed  about  an  inch  below 
the  surface  of  the  liquid. 

9.  The  thermometers  were  made  by  Green  and  were  carefully 
compared  with  a  standard  whose  corrections  were  furnished  by  the 
Reichsanstalt.  Their  curves  of  correction  showed  similar  variations 
in  all  parts  of  the  scale  used,  indicating  the  care  with  which  the 
tubes  were  calibrated.  The  thermometers  were  graduated  on  the 
stem ;  that  used  in  calorimeter  A  being  divided  into  tenths,  that 
used  in  calorimeter  B  to  twentieths  of  a  degree.  They  were  read 
by  means  of  lenses  carried  in  adjustable  clamps,  and  care  was  taken 
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to  avoid  parallax  by  bringing  the  reflection  of  the  mark  nearest  the 
end  of  the  mercury  column  behind  the  mark  itself.  They  were 
tapped,  before  a  reading  was  taken,  with  a  light  cork  hammer,  some 
trials  which  were  made  on  a  falling  column  indicating  that  this  was 
an  important  precaution.  The  readings  were  made  by  estimation  to 
hundredths  of  a  degree.  The  coarseness  of  the  marks  on  the  stem 
rendered  this  estimation  difficult  in  certain  positions  of  the  mercury 
column,  and  I  do  not  dare  to  say  that  the  observations  are  exact  to 
the  hundredths  of  a  degree. 

10.  In  repeating  an  observation  with  the  same  liquids  it  is  neces- 
sary to  cool  t)ie  calorimeters  to  a  common  initial  temperature.  To 
accomplish  this  most  easily  and  quickly  of  two  rotating  turntables 
were  constructed,  similar  to  those  already  described,  but  of  larger 
diameter,  and  furnished  with  similar  rings  to  support  the  crosses 
with  their  coils  and  thermometers.  On  each  of  these  tables  was 
placed  a  cylindrical  copper  vessel  eight  and  one-half  inches  in  diam- 
eter and  six  inches  high.  Within  this  vessel  stood  a  cylinder  of 
coarse  wire  netting  centered  by  three  projecting  arms.  Its  diameter 
w^as  such  that  it  easily  received  the  calorimeter  vessel.  The  space 
between  the  wire  cage  and  the  external  walls  was  packed  with  snow 
or  broken  ice,  and  it  was  found  advantageous  to  fill  the  vessel  about 
one-third  full  with  water.  The  calorimeters  placed  in  the  wire  cylin- 
ders were  quickly  cooled  to  the  desired  temperature  and  a  little  ex- 
perience made  it  easy  to  remove  them  at  such  times  that  their  final 
temperatures  did  not  differ  by  more  than  one  or  two  tenths  of  a 
degree. 

1 1.  The  current  for  the  coils  was  furnished  by  a  dynamo-machine. 
A  contact  maker,  a  Weston  ammeter  and  a  variable  resistance  of 
coarse  German  silver  wire,  with  a  sliding  contact,  were  included  in 
the  circuit.  The  current  remained  fairly  constant  during  a  set  of 
observations.     In  different  cases  it  varied  from  4.2  to  5.2  amperes. 

1 2.  The  weighings  were  performed  on  a  large  balance,  which  was 
sensitive  to  5  mg.  with  a  load  of  i  kilogram. 

1 3.  The  course  of  a  set  of  observations  was  as  follows  : 

After  it  had  been  determined  what  was  the  proper  amount  of  so- 
lution to  be  used  to  give  approximately  equal  temperature  changes 
in  the  two  calorimeters,  the  calorimeters,  with  their  coils  and  ther- 
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mometers,  were  placed  in  turn  on  the  balance  and  were  filled  with 
the  solution  and  the  solvent  respectively,  care  being  taken  that 
enough  liquid  wais  used  to  well  cover  the  coils  and  the  bulbs  of  the 
thermometers.  The  calorimeters  were  then  placed  in  the  coolers 
and  withdrawn  when  the  desired  temperature  was  reached.  If  pos- 
sible this  temperature  was  so  determined  that  the  rise  to  the  room 
temperature  was  equal  to  that  allowed  beyond  the  room  temper- 
ature in  the  observation.  This  was  not  always  convenient,  and  in 
view  of  the  similarity  of  the  two  calorimeters  and  the  consequent 
equality  of  their  radiation  coefficients,  no  great  stress  was  laid  on 
attaining  this  condition.  The  calorimeters  were  wiped  dry  and 
placed  in  their  respective  positions.  If  after  a  few  rotations  of  the 
turntables  it  was  found  that  their  temperatures  differed  by  more  than 
two-tenths  of  a  degree,  this  difference  was  adjusted  by  warming  the 
cooler  one  in  the  hands.  The  connections  with  the  coils  were  then 
made  and  the  vessel  rotated  for  thirty  seconds,  after  which  the  ther- 
mometers were  tapped  and  read  as  quickly  as  possible.  The  rota- 
tion was  then  resumed  and  after  the  lapse  of  one  minute  from  the 
stoppage  of  the  first  rotation,  the  thermometers  were  read  again. 
If  any  irregularity  in  the  rise  of  the  thermometers  was  observed  this 
process  was  repeated,  but  ordinarily  these  two  readings  sufficed  to  fix 
the  initial  temperature.  The  current  was  then  thrown  in,  and  the 
calorimeters  rotated,  care  being  taken  to  change  the  sense  of  rota- 
tion every  now  and  then.  When  the  desired  elevation  of  tempera- 
ture was  nearly  reached,  the  current  was  cut  off  and  the  rotation 
continued  for  thirty  seconds.  To  render  the  conditions  in  this  part 
of  the  observation  as  nearly  the  same  as  possible  for  all  the  obser- 
vations, the  rotation  was  carried  out  for  ten  seconds  in  one  sense, 
then  reversed  for  ten  seconds,  then  carried  out  for  five  seconds  in 
the  first  sense,  and  again  reversed  for  five  seconds.  The  thermom- 
eters were  then  tapped  and  read.  After  the  lapse  of  one  minute, 
during  most  of  which  the  rotation  was  continued,  a  second  reading 
was  made,  and  a  third  after  the  lapse  of  another  minute.  These 
readings  were  made  to  test  the  loss  of  heat  by  radiation  and  evap- 
oration, and  to  furnish  the  basis  for  an  estimate  of  the  true  final 
temperature. 

The  calorimeters  were  then,  if  the  solvent  was,  like  water,  suffi- 
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ciently  volatile  to  lose  weight  appreciably  during  this  series  of 
operations,  replaced  on  the  balance,  and  enough  of  the  solvent 
added  to  restore  the  original  weights  ;  after  which  they  were  cooled, 
and  the  observations  repeated.  In  most  cases  four  observations 
were  made  with  one  solution. 

14.  It  was  found  that  water  acted  upon  the  brass  vessels  and  the 
German  silver  coils  sufficiently  to  conduct  as  an  electrolyte  and  so 
to  change  the  resistance  of  the  coils.  To  avoid  this  the  coils  were 
dipped  in  melted  paraffine,  which  sheathed  them  with  an  insulating 
coating.  No  delay  in  assuming  the  proper  final  temperature  could 
be  detected  on  the  part  of  the  liquid  due  to  the  low  heat  conductiv- 
ity of  this  paraffine  coating,  and  it  served  its  purpose  well  in  pre- 
venting changes  of  resistance  in  the  coils.  This  precaution  was 
also  needed  with  alcohol,  but  was  unnecessary  with  aniline.  If  the 
resistances  of  the  coils  differed  by  more  than  a  certain  amount  a  cor- 
rection to  the  result  became  necessary.  This  difference  was,  how- 
ever, outside  the  limits  within  which  the  resistances  could  easily  be 
adjusted,  and  was  rarely,  if  ever,  allowed. 

1 5.  The  ratio  of  the  specific  heats  of  the  liquids  in  the  two  calorim- 

fH  t 

eters  could  be  calculated  immediately  from  the  formula -^-^,   where 

w,  and  m^  represent  the  masses  of  the  solution  and  the  solvent  as 
standard,  t^  and  t^  the  changes  of  temperature  in  these  masses  re- 
spectively. The  corrections  due  to  the  calorimeter  constants,  to 
radiation  and  to  the  resistances  of  the  coils  are  all  differences  of 
quantities  nearly  equal  for  the  two  similar  calorimeters,  and  may 
be  neglected.  The  specific  heat  of  the  solution  was  then  found  by 
multiplying  this  ratio  by  the  specific  heat  of  the  solvent.  From 
this  the  specific  and  the  molecular  heat  of  the  solute  were  obtained, 
by  assuming  that  the  specific  heat  of  the  solvent  in  the  solution  re- 
mains unchanged.  Since  the  ratios  of  the  specific  heats  thus  ob- 
tained are  always  very  nearly  equal  to  unity,  the  calculated  molec- 
ular heats  of  the  solute  are  not  seriously  affected  by  any  small 
error  in  the  assumed  specific  heat  of  the  solvent.  This  may,  there- 
fore be  taken  from  published  tables  or  results,  without  requiring  a 
special  investigation. 

16.  The  results  obtained  for  the  specific  heats  of  the  solutions 
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■examined  are  given  in  the  following  tables.  The  apparent  molec- 
ular heats  of  the  solutes,  given  under  the  symbol  ^,  were  calcu- 
lated by  assuming  that  the  specific  heat  of  the  solvent  is  unchanged 
in  the  solution.  The  column  headed  by  N  gives  the  number  of 
gram-molecules  of  the  solvent  containing  one  gram-molecule  of  the 
solute.  The  calculated  specific  heats  are  those  determined  from 
-equation  (^)  by  using  for  <y,  the  specific  heat  of  the  solute,  the 
mean  specific  heat  found  from  the  mean  value  of  ^. 

17.  Cane  Sugar  in  Water. — The  sugar  employed  was  prepared 
by  recrystallization  of  rock  candy.  The  best  crystals  were  selected, 
powdered,  and  carefully  dried  in  a  steam  bath.  The  water,  as  in  all 
cases  in  which  water  was  used,  was  distilled  in  a  block  tin  tube  on 
the  plan  introduced  by  Hulett,*  and  was  shown,  by  observations  of 
its  electrical  conductivity,  to  be  of  a  high  degree  of  purity.  Its 
molecular  weight  was  taken  to  be  1 8. 

Cane  Sugar  (CuH^Oji)  in  Water.     Molecular  Weight  342. 


N 


Observed. 


50 
100 
ISO 
250 


0.8479 
0.9115 
0.9375 
0.9609 


Calculated. 

i 

0.8475 
0.9116 
0.9377 
0.9609 

153.1 
152.5 
ISO. 
152.7 

Mean  molecular  heat, 


152.6 


The  mean  molecular  heat  obtained  by  Marignac  for  cane  sugar 
was  147. 

1 8.  Dextrose  in  Water. — The  dextrose  was  obtained  from  Kahl- 
baum.  The  very  slight  trace  of  water  which  it  contained  was  re- 
moved by  long  drying  in  a  steam  bath. 

Dextrose  (CgH,jOe)  in  Water.     Molecular  Weight,  180. 


N 

*'                                                    s' 
Observed.                            Calculated. 

i 

100 
200 
300 

0.9490 
0.9731 
0.9819 

0.9489 
0.9732 
0.9819 

79. 

78.4 

79. 

Mean  molecular  hei 

It, 

78.8 

1  Journal  of  Chem.  Physics,  September,  1896. 
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19.  Glycerine  in  Water, — The  glycerine  was  c.  p.  glycerine  ob- 
tained from  Merck.  About  equal  volumes  of  this  glycerine  and  of 
water  were  mixed  and  the  specific  gravity  determined  by  a  standard- 
ized Mohr's  balance.  From  this  the  percentage  composition  of  the 
solution  was  found  by  the  use  of  Gerlach's  table  (Landolt  and 
Bomstein,  p.  230),  and  the  solutions  used  were  made  up  from  this 
stock  solution.  By  a  comparison  of  the  weight  of  water  added 
with  that  indicated  by  the  specific  gravity,  the  amount  of  water  in 
100  grams  of  the  glycerine  was  determined  to  be  1.94  grams. 

Glycerine  (CjHgO,)  in  Water.     Molecular  Weight  92. 


N 

Observed. 

** 
Calculated. 

i 

40.40 

0.9556 

0.9537 

55.6 

50.275 

0.%21 

0.%20 

54.2 

88.49 

0.9771 

0.9775 

53.4 

100. 

0.9803 

0.9800 

54.7 

132.% 

0.9841 

0.9847 

52.3 

150. 

0.9867 

0.9864 

55.0 

250. 

0.9917 

0.9918 

53.9 

400. 

0.9948 

0.9948 

54.0 

500. 

0.9954 

0.9958 

50.0 

Mean  molecular  heat, 

54.1 

In  taking  this  mean  the  result  for  iV=  500  was  omitted. 
20.  Mannite  in  Water. — ^The  mannite  was  obtained  from  Merck. 
No  pains  were  taken  to  dry  it  or  to  test  its  purity. 

Mannite  (CjH„0,)  in  Water.     Molecular  Weight  182. 


N 

Observed. 

Calculated. 

^ 

100 
200 
300 
400 

0.9662 
0.9812 
0.9873 
0.9900 

0.9647 
0.9815 
0.9875 
0.9905 

115 
113 
111 
108 

Mean  molecular  heat, 

112 

These  molecular  heats  show  a  regular  decrease  with  increasing 
dilution.  I  believe  that  this  change  is  only  apparent  and  not  real. 
In  the  first  place  the  results  for  iV=s  100,  200,  300  involve  a  cor- 
rection, determined  after  the  last  result  was  obtained,  that  was  as- 
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sumed  to  be  constant,  but  may  very  well  have  had  an  increasing 
value  ;  and  in  the  second  place,  if  the  mannite  were  not  perfectly 
dry,  the  effect  of  the  water  contained  in  it  would  be  least  felt  in  the 
more  dilute  solutions.  In  my  opinion  the  most  probable  value  for 
the  molecular  heat  of  mannite  in  water  is  1 08. 

21.  Urea  in  Water, — The  urea  was  obtained  from  Merck,  in  the 
form  of  clean,  sharp-edged,  separate  crystals.  A  similar  specimen 
to  that  used  was  dried  in  a  steam  bath  and  showed  only  an  almost 
inappreciable  amount  of  water  present. 

Urea  (CON,HJ  in  Water,     Molecular  Weight  (^, 


N 

Observed. 

Calculated. 

i 

100 
200 
300 
400 

0.97% 
0.9896 
0.9927 
0.9945 

0.9790 
0.9893 
0.9929 
0.9946 

22 
22 
20 
20 

Mean  molecular  heat, 

21 

22.  Acetamide  in  Water, — The  acetamide  was  obtained  from 
Merck.  It  was  found  to  be  dry.  When  dissolved  it  cooled  the 
water  slightly. 

Acetamide  QHj,0(NHj)  in  Water,     Molecular  Weight  S9. 


N 

Observed. 

Calculated. 

< 

100 
200      • 

0.9870 
0.9931 

0.9868 
0.9933 

34.9 
34. 

Mean  molecular  heat, 

34.5 

23.  Et/tjy/  Alcohol  in  Water, — The  alcohol  was  Squibb' s  c.  p. 
alcohol,  specially  prepared  and  dried,  and  was  found  to  be  as  stated 
by  the  maker,  99.89  per  cent.  pure. 

Ethyl  Alcohol  (C2H5OH)  in  Water,     Molecular  Weight  46, 


N 

Observed. 

i 

12.5 

1.0509 

59.8 

50 

1.0194  • 

64.3 

100 

1.0074 

59.7 

200 

1.0026 

55.5 

300 

1.0009 



51.2 
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These  observations  illustrate  the  well-known  fact  observed  by 
Dupre  and  Page/  and  by  Schiiller/  that  the  specific  heat  of  solu- 
tions of  alcohol  in  water  is  greater  than  that  of  water.  The  mo- 
lecular heats  do  not  show  the  same  constancy  as  that  exhibited  by 
the  other  solutions  which  have  been  presented.  They  increase  with 
the  concentration  up  to  a  certain  point  and  then  again  decrease. 

24.  Water  in  Aniline. — The  aniline  used  was  Kahlbaum's  prod- 
uct, obtained  from  Eimer  and  Amend.  Its  color  was  a  yellowish 
red,  which  rapidly  deepened  when  it  was  exposed  to  the  air  and 
heated  in  the  calorimeters.  It  was  at  first  used  as  it  came  from  the 
bottles,  but  some  control  experiments  were  made  by  mixing  the 
contents  of  several  bottles  in  a  large  flask  and  using  the  homo- 
geneous substance  thus  obtained  as  stock.  A  quantity,  after  it  had 
been  once  used,  was  recovered  by  distillation  over  sodium  and  used 
in  the  same  way  with  similar  results.  My  observations  are  not  in 
accord  with  those  of  Griffiths,^  who  found  that  the  specific  heat  did 
not  change  when  the  aniline  changed  color  by  exposure  to  the  air 
and  to  heat.  Certain  irregularities  in  my  observations  which  could 
be  explained  by  supposing  that  the  aniline  which  I  had  been  using 
as  standard  had  experienced  a  change  of  its  specific  heat  led  me  to 
compare  it  with  fresh  aniline,  with  the  result  that  the  specific  heat 
of  the  used  aniline  was  shown  to  be  less  than  that  of  the  other  by 
more  than  0.8  of  i  per  cent.  In  the  subsequent  experiments  the 
standard  aniline  was  renewed  after  each  set  of  observations. 

The  specific  heat  of  aniline  was  taken  as  0.5175,  which  is  the 
value  given  by  Griflfiths  (1.  c.)  for  25°,  about  the  mean  between  the 
extreme  temperatures  in  the  calorimeters.  Its  molecular  weight, 
from  the  formula  CgH5(NH2)  is  93.  In  order  to  make  the  results 
comparable  with  those  obtained  with  water  as  solvent,  it  seemed 
best  to  make  up  solutions  which  should  contain  about  the  same 
number  of  molecules  of  the  solute  in  unit  volume  as  in  the  previous 
experiments,  rather  than  those  in  which  the  gram-molecular  con- 
centration should  be  the  same.  In  general  this  is  attained  by  mak- 
ing the  gram-molecular  concentration  five  times  as  great  as  with 
water. 

'  Phil.  Trans.,  1869,  Pogg.  Ann.,  Erg&nzungsband  V.,  p.  21. 
'Pogg.  Ann.,  1871,  Erglnzungsband  V.,  p.  116. 
'Phil.  Mag.,  January-June,  1895,  p.  47. 
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Water  (H,0)  in  Aniline,     Molecular  Weight  18. 


N 

Observed. 

Calculated. 

i 

10 

0.5425 

0.5445 

33.0 

20 

0.5310 

0.5312 

34.6 

25 

0.5292 

0.5285 

36.6 

40 

0  5242 

0.5243 

34.4 

^ 

0.5223 

0.5221 

36.0 

Mean  molecular  heat. 


34.9 


Of  these  observations,  those  for  iV=  6o,  and  iV=  25  were  made 
with  fresh  aniline.  The  solutions  for  the  others  were  made  from 
the  solution  for  A^=s  60  by  adding  the  requisite  quantities  of  water, 
and  the  same  standard  aniline  was  used  in  the  observations  made 
on  them.  In  view  of  what  has  been  said  of  the  change  in  the  spe- 
cific heat  of  the  standard  aniline  with  use,  it  seems  that  special 
weight  should  be  given  to  the  observations  made  when  the  aniline 
was  fresh,  or  that  the  other  observations  are  subject  to  correction. 
This  correction,  if  due  to  the  change  in  the  standard,  would  increase 
the  molecular  heats  determined  from  them.  It  seems  to  me  that  a 
more  probable  value  for  ^  would  be  36.  As  they  stand  the  num- 
bers serve  well  enough  to  support  the  law  which  is  under  discus- 
sion in  this  paper. 

It  is  worthy  of  remark  that  the  specific  heat  of  water  in  aniline 
appears  to  be  nearly  or  quite  equal  to  2.  The  molecular  heat  is 
doubled  by  the  solution.  It  is  possible  to  ascribe  this  to  an  increase 
in  the  number  of  degrees  of  freedom  of  the  water  molecule  due  to 
its  dissociation,  and  to  look  on  it  as  additional  evidence  in  favor  of 
the  view  that  the  physical  molecules  of  water  in  its  liquid  state  are 
aggr^ates  of  the  chemical  molecules.  In  the  present  state  of  our 
knowledge  it  is,  however,  inadmissible  to  do  more  than  hazard  this 
as  a  speculation.  Until  further  research  has  shown  how  to  eliminate 
the  effect  of  the  solvent  upon  the  solute  in  determining  its  molecular 
heat,  we  cannot  consider  the  molecular  heat  as  dependent  upon  the 
condition  and  behavior  of  the  solute  alone.  That  the  solvent  does 
modify  the  molecular  heat  of  the  solute  will  appear  from  the  obser- 
vations following. 

25.   Glycerine  in  Aniline, — The  glycerine  used  contained   1.94 
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grams  of  water  in  100  grams.  Allowance  was  made  for  this  in  the 
weighing  and  the  specific  heat  of  the  anih'ne  used  as  solvent  was 
calculated  as  if  the  water  dissolved  in  the  aniline  with  the  molecular 
heat  36.     The  specific  heat  of  aniline  was  taken  as  0.5175. 

Glycerine  (CjHgOj)  in  Aniline.     Molecular  Weight  92. 


N 

t' 
Observed. 

i 

12.5 

0.5427 

76.6 

24.6 

0.5321 

79.7 

50. 

0.5252 

81. 

100. 

0.5215 

83. 

There  seems  to  be  a  decrease  of  ^  as  the  concentration  increases. 
In  view  of  this  and  of  the  way  in  which  the  water  contained  in  the 
glycerine  was  reckoned  in  with  the  aniline,  I  have  not  thought  it 
worth  while  to  calculate  the  specific  heats.  One  thing  is  evident 
from  this  table,  namely,  that  the  apparent  molecular  heat  of  glycerine 
in  aniline  is  not  the  same  as  it  is  in  water.  The  values  are  about  in 
the  ratio  of  8o  to  54.  This  difference  is  far  too  large  to  be  due  to 
errors  of  observation. 

26.  Urea  in  Ethyl  AlcoJioL — The  alcohol  used  was  ordinary  alco- 
hol distilled  over  lime.  A  large  quantity  was  mixed  in  a  bottle  and 
used  as  stock.  The  urea  was  the  same  product  as  that  used  with 
water.     The  specific  heat  of  alcohol  was  taken  as  0.6019.* 

Urea  (CON,HJ  in  Ethyl  Alcohol,     Molecular  Weight  60. 


^                    1            Observed. 

Calculated. 

i 

42.4               i           0.5984 
70.65                         0.5992 

.       0.5979 
0.5994 

28.8 
27.5 

Mean  molecular  heat, 

28.1 

In  this  case  the  molecular  heats  are  constant  to  within  the  limits 
of  error  of  the  observations,  which  were  rendered  more  uncertain 
than  with  aqueous  solutions  by  the  greater  volatility  of  the  alcohol. 
The  molecular  heat  obtained  for  urea  is  different  from  its  value  in 
an  aqueous  solution  in  the  ratio  of  28  to  21.     This  difference  is 

*Schttller,  Pogg.  Ann.,  Erg&nzungsband  V.,  p.  119. 


Digitized  by 


Goog^ 


84  WILLIAM  FRANCIS  MAG  IE,  [Vol.  IX. 

again  so  large  that  I  do  not  feel  willing  to  ascribe  it  to  errors  of  ob- 
servation. If  f  were  21,  as  it  seems  to  be  for  urea  in  water,  the 
specific  heat  of  the  solution  N^  70.65  would  be  0.5973.  The  dif- 
ference between  this  and  the  number  found,  0.5992,  while  not  large, 
is  outside  of  the  variations  of  the  individual  results  from  which  the 
mean  was  determined. 

Yet,  while  this  is  true,  there  may  be  some  unnoticed  error  in  the 
measurements  which,  if  detected,  would  account  for  this  slight  dif- 
ference ;  and  I  do  not  feel  that  the  question  will  be  settled  without 
more  extended  investigation. 

27.  Glycerine  in  Ethyl  Alcohol, — The  glycerine  was  the  same  pro- 
duct as  that  used  before.  Allowance  was  made  for  its  water  con- 
tent by  adding  the  appropriate  amount  of  water  to  the  alcohol  used 
as  standard. 

GlyceHne  (CjHgO,)  in  Ethyl  Alcohol,    Molecular  Wnght  92. 


In  this  case  there  is  a  variation  of  the  molecular  heat  similar  to 
that  exhibited  by  solutions  of  alcohol  and  water. 

28.  It  is  evident  that  the  prediction  of  the  theory  is  fulfilled  in 
very  many  of  the  solutions  which  have  been  examined.  In  these 
ca3es  we  may  safely  say  that  the  conditions  upon  which  the  theory 
was  based  have  also  been  fulfilled  and  we  may  therefore  expect  the 
depression  of  the  freezing  point  to  correspond  with  that  indicated  by 
van't  Hoff 's  formula.  This  has  been  proved  for  the  aqueous  solutions 
by  the  recent  experiments  of  Professor  Loomis.^  The  solution  of 
alcohol  in  water  as  measured  by  him  does  not  agree  precisely  with 
the  van't  Hoff  formula ;  and  this  may  have  something  to  do  with 
the  anomalous  behavior  of  its  specific  heat.  In  solutions  containing 
alcohol,  either  as  solute  or  solvent,  it  seems  as  if  the  law  of  equa- 
tion (^)  did  not  hold.  The  anomalous  behavior  of  alcohol  in  this 
respect  was  proved  by  Schiiller  for  solutions  of  alcohol  with  water,. 

1  Princeton  University  Bulletin,  January,  1899. 
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benzene,  chloroform  and  bisulphide  of  carbon,  and  is  proved  by  my 
experiments  for  solutions  of  glycerine  in  alcohol,  and  for  dilute 
solutions  of  alcohol  in  water.  The  one  exception  seems  to  be  in 
the  case  of  urea  in  alcohol.  Even  in  this  case  it  is  not  proved  by 
my  observations  that  the  specific  heat  of  urea  in  alcohol  is  constant. 
The  two  results  obtained,  for  example,  may  lie  on  either  side  of  a 
maximum,  such  as  is  exhibited  by  alcohol  in  water. 

29.  I  do  not  feel  that  the  results  before  me  warrant  a  definite 
declaration  as  to  whether  or  not  the  molecular  he^ts  obtained  are 
independent  of  the  solvent.  On  the  modern  theory  of  solutions  it 
would  seem  that  the  specific  heats,  as  well  as  the  other  properties  of 
the  solutes,  should  be  those  which  they  would  exhibit  in  the  gaseous 
state.  The  specific  heats  obtained  for  cane  sugar,  dextrose,  glycerine, 
mannite  and  urea,  dissolved  in  water,  are  not  inconsistent  with  this 
view.  On  the  other  hand,  the  value  36  obtained  for  the  molecular 
heat  of  water  in  aniline,  speaks  decidedly  against  it.  The  specific 
heat  of  water  vapor  is  about  0.5,  so  that  the  heat  capacity  of  water 
in  solution  in  aniline  is  about  4  times  as  great  as  that  of  water  vapor. 
So  far  as  this  example  carries  any  weight,  it  shows  that  the  solute 
is  not  so  entirely  independent  of  the  solvent  that  its  energy  is  un- 
affected by  the  solvent.  The  same  conclusion  may  be  drawn  from 
the  molecular  heats  of  glycerine  in  aniline  and  of  urea  in  alcohol, 
though  the  former  of  these  cases  may  be  one  similar  to  that  of 
alcohol  in  water,  as  indicated  by  th^  variations  of  the  molecular  heat 
with  concentration. 

Physical  Laboratory,  Princeton  University. 
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\j'         AN   INTERFEROMETER   STUDY   OF   RADIATIONS    IN 

A   MAGNETIC    FIELD.     II. 

By  John  C.  Shedd. 

Part  Two.     The  Interferometer  Method. 

Professor  Michelson  ^  has  shown  the  peculiar  adaptability  of  the 
interferometer  for  the  class  of  research  here  considered. 

The  instrument  used  in  the  present  case  was  received  March  i , 
1898,  and  has  proved  highly  satisfactory  for  the  work  under- 
taken. 

The  instrumental  difficulties  attending  the  use  of  the  Interferom- 
eter are  such  as  perhaps  to  warrant  a  word  about  them.  These 
difficulties  arise  from  two  sources  :  (i)  defective  workmanship  in  the 
instrument,  and  (2)  those  due  to  the  observer.  These  will  be  con- 
sidered in  order :  (i)  the  most  serious  error  that  can  be  present  is 
a  lack  of  parallelism  in  the  ways  along  which  the  mirror  carriage 
moves.  This  is  generally  manifested  by  a  shifting  of  the  system  of 
fringes  in  the  field  of  view,  and  a  more  rapid  loss  of  visibility  on 
the  part  of  the  fringes  than  should  take  place. ^  A  second  defect  is 
sometimes  present  in  the  optical  quality  of  the  glass,  due  either  to  a 
defective  surface,  or  to  internal  stress  in  the  glass.  This  defect  is 
manifested  by  a  distortion  of  the  fringes  which  under  proper  adjust- 
ment should  appear  as  circles.  A  third  defect,  easily  overlooked, 
is  in  the  silvering  of  the  surfaces.  The  two  end  mirrors  (see  Fig. 
10)  M^  M"  should  be  heavily  silvered,  and  brigHtly  polished. 
The  half-silvered  surface  {M)^  however,  should  have  such  a  film 
as  will  transmit  and  reflect  equal  amounts  of  light.     If  this  be  true, 

1  Astro.  Phys.  Jr.,  6,  p.  48,  also  7,  p.  131. 
«Phil.  Mag.  (5),  34.  p.  286. 
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50  Jfc  of  the  incident  light  is  efTective  in  the  two  interfering  beams, 
and  the  fringes  are  of  maximum  brightness.  There  is  no  direct 
method  of  estimating  this  defect,  and  experience  is  the  only  proper 
guide.  (2)  A  very  considerable  amount  of  patience  is  necessary  to 
eliminate  or  minimize  personal  errors.  Fringes  are  often  obtained 
which  appear  satisfactory,  but  from  a  lack  of  exact  adjustment  have 
a  variable  focus,  are  distorted,  and  rapidly  fade  out  as  the  movable 
mirror  recedes.  If  the  instrument  be  in  adjustment  the  fringes 
appear  as  concentric  circles,  and  Michelson  has  shown  ^  that  if  the 
incident  light  be  parallel  then  the  fringes  are  at  infinity.^  If,  how- 
ever, the  light  be  not  parallel,  then  the  fringes  are  in  front  rf  the 
interfering  surface  i^My  Fig.  10),  upon  it  or  behind  it,  according  as 
A  is  greater  than,  equal  to,  or  less  than  zero,  where  A  is  the  dif- 
ference in  the  paths  traversed  by  the  two  beams  of  light.  In  gen- 
eral it  may  be  said  that  the  incident  beam  is  not  parallel,  and 
hence,  that  the  fringes  recede  as  A  increases.  If  a  telescope  is 
used  to  view  the  fringes,  the  focus  will  have  to  be  altered  slightly, 
and  must  soon  be  adjusted  for  parallel  light.  If,  on  the  other  hand, 
the  naked  eye  is  used,  there  is  a  tendency  to  focus  the  eye  upon 
the  mirror,  instead  of  upon  the  fringes.  Hence  an  observer  is  apt 
to  lose  sight  of  the  fringes  altogether,  or  to  view  them  out  of  focus 
unless  considerable  care  is  exercised  upon  this  point.  The  real 
work  of  the  interferometer  consists  in  an  eye  estimate  of  the  visibility 
of  the  fringes  as  A  is  increased.  There  is  a  manifest  liability  to  error 
in  these  eye  estimates,  unless  a  comparison  set  of  fringes  of  known 
intensity  is  available ;  but  the  process  in  such  a  case  is  not  only 
tedious'  but  adds  to  the  amount  of  apparatus  to  be  looked  after. 
On  the  whole,  it  is  more  practicable,  and  perhaps,  as  reliable  to  de- 
pend upon  the  training  of  the  eye  that  comes  from  long  practice,  and 
in  testing  the  eye  from  time  to  time  by  means  of  comparison  fringes. 
However,  even  after  a  correction  *  curve  is  obtained  and  applied, 
there  is  room  for  a  considerable  margin  of  personal  error,  which  is, 
perhaps,  the  chief  drawback  to  the  method  as  a  whole. 

J  Phil.  Mag.  (5),  13,  p.  239,  1882. 

»  Except  when  A  =  0|  when  the  fringes  are  on  the  mirror. 

-» Astro.  Phys.  Jr.,  7,  p.  133. 

•Phil.  Mag.  (5),  34,  p.  283.     Such  a  curve  is  shown  in  Fig.  14. 
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Adjusting  the  Interferometer} 
The  general  disposition  of  apparatus  for  the  present  work  is  shown 
in  Fig.    lO. 


M::...f-..-.v::.:a7l, 


Fig.  10. 

M,  M',  M^^.  Interferometer  mirrors. 
Q.  X  '^  pJate. 
N.  Nicol. 
S.   Slit. 
E.  Eye  or  telescope. 

First  Adjustment.  To  Find  the  Fringes, — The  mirror  Af  is  set 
so  as  to  be  within  two  or  three  mm.  of  the  zero  of  the  scale,  and 
a  Bunsen  flame^  colored  with  a  piece  of  sodium  glass  is  so  set  with 
reference  to  the  lens  C  that  the  field  of  the  mirrors  is  uniformly 
bright.  Then  a  pin,  or  bit  of  glass  fiber,  is  fastened  by  a  bit  of  wax 
onto  the  lens,  so  that  its  image  is  in  the  center  of  the  field.  It  is 
preferable  to  have  the  image  lie  obliquely  across  the  field,  not  hori- 
zontally or  vertically.  The  mirror  AP  is  then  adjusted  until  the 
two  images  of  the  pin,  made  by  the  two  mirrors,  M  and  J/',  are  super- 
posed. When  the  images  lie  obliquely  the  movements  of  the  adjusting 
screws  can  be  easily  followed.  When  the  adjustment  is  very  close, 
if  the  room  is  partially  darkened,  and  the  eye  focused  for  a  point 
behind  the  mirror,  the  fringes  should  appear  as  fine  lines  covering 
the  field.     The  eye  should  now  be  focused  on  these  fringes,  and 

*  The  Adjustments  of  the  Interferometer  are  discussed  at  length  by  Professor  Wads- 
worth  in  Phys.  Rev.,  Vol.  4,  p,  480.     See  also  p.  400  of  same  vol. 

2  The  Bunsen  flame  occupies  the  position  of  slit  5  in  Fig.  10,  the  rest  of  the  system  to 
the  right  of  S  being  absent. 
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the  screws  adjusted  so  that  the  fringes  grow  broader  and  more  dis- 
tinct. The  final  adjustment  is  reached  when  they  appear  as  con- 
centric circles,  which  do  not  change  in  appearance,  when  the  eye  is 
shifted  in  any  direction.  Under  these  conditions  the  two  mirrors, 
M  and  AT',  are  optically  parallel  to  each  other. 

Second  Adjustment.  To  Find  Zero  of  the  Instrument. — The  zero 
of  the  instrument  is  the  position  of  zero  difference  of  path  between 
the  two  interfering  beams  of  light.  It  is  found  by  obtaining  fringes 
with  white  light  and  adjusting  on  the  central  black  fringe  of  this 
system.  To  obtain  fringes  with  white  light  the  mirror  M'  should 
first  be  adjusted  so  as  to  give  the  fringes  as  vertical  lines  of  small 
curvature.  If  now  the  mirror  AT'  be  moved  back  and  forth  by  slow 
motion,  the  fringes  will  be  seen  to  change  curvature  at  one  region. 
The  exact  point  of  this  change  of  curvature  is  the  point  sought. 
Having  adjusted  approximately  for  this,  a  candle  flame  should  be 
set  before  the  Bunsen  flame,  giving  the  white  image  of  the  candle 
flame  with  a  background  of  sodium  fringes.  The  mirror  M'  may 
now  be  slowly  moved  by  means  of  the  tangent  screw,  the  motion 
being  followed  by  the  eye,  in  the  progression  of  the  (faint)  sodium 
fringes.  When  the  zero  point  is  approached  brilliant  chromatic 
fringes,  from  ten  to  twenty  in  number,  will  appear  in  the  image  of 
the  candle  flame.  If  now  the  candle  be  removed,  and  the  air  cut 
off  from  the  Bunsen  flame  the  chromatic  fringes  are  very  distinct  and 
brilliant 

The  zero  point  will  shift  a  little  with  change  of  temperature,  and 
still  more  by  a  change  in  the  distance  of  the  mirror  M  from  M  due 
to  difference  in  the  manipulation  of  the  adjusting  screws.  The  zero 
should  therefore  be  observed  before  each  set  of  observations. 


Visibility  Curves. 

The  theory  of  the  visibility  curve  has  been  given  by  Michelson, 
and  its  adaptation  shown  to  problems  where  the  distribution  of  light 
as  a  source  of  radiation  is  to  be  determined. 

The  following  curves  were  taken  using  sodium  light  as  source  of 
illumination,  and  viewing  the  light  first  perpendicular  to  the  field, 
and  than  parallel  to  it 
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Perpendicular  to  the  Field.     The  curves  taken  are  shown  in 
II,  A,  and  the  corresponding  distribution  of  light  in  Fig.  1 1 ,  5*. 


Fig.   11. 

In  this  curve  the  nicol  prism  was  not  used,  and  the  loss  of  light 
by  the  central  component  (which  is  known  to  be  present),  is  such 
as  to  render  the  line  an  apparent  double.^  In  the  curves  B^  in  those 
marked  j5,  C,  D  the  main  components  seem  accompanied  by  small 
companions  some  having  negative  ordinates.  Now  since  this  would 
indicate  negative  intensities,  they  indicate  errors  in  observing  the 
curves  A,  The  analysis  of  the  curves  A  then  furnish  a  valuable 
check  upon  their  correctness. 

II.  Light  Viewed  Parallel  to  the  Magnetic  Field.  Curves  were 
taken  for  this  position  both  with  and  without  the  nicol.  The  re- 
sults are  shown  on  Figs.  12  and  13.  These  are  substantially  iden- 
tical and  show  first  a  broadening  and  then  a  doubling  of  the  spectral 
lines.  The  presence  of  the  negative  ordinates  is  also  seen  and  yet 
the  substantial  results  are  clear. 

1  Acknowledgment  is  due  to  Professor  Michelson  who  kindly  facilitated   the  analysis 
of  these  curves  on  the  Harmonic  Analyzer  at  the  University  of  Chicago. 
*See  part  I,  also  Michelson,  Astro.  Phys.  Jr.,  6,  p.  49. 
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Fig.  12. 
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Having  analyzed  these  curves  a  comparison  curve  was  then  taken 
to  observe  what  correction  was  necessary  to  reduce  the  eye  esti- 
mates shown  in  the  full  line  curves  of  Figs.  11,12  and  1 3.  The  re- 
sulting curve  is  shown  in  Fig.  14  and  the  corrected  visibility  curves 
are  shown  in  the  dotted  curves  of  Figs.  12  and  13.  These  corrected 
curves  were  not  analyzed,  but  their  distribution  curves  would  be 
more  nearly  correct  than  those  shown.  We  have  then  in  the  curves 
shown  all  observational  errors  present ;  the  result,  though  not  satis- 
factory, is  by  no  means  bad.  This  form  of  error  is  very  hard  to 
avoid  and  long  practice  alone  can  eliminate  it. 


100 

/ 

k/ 

r 

»0 

sN 

\ 

/, 

/ 

L 

\ 

\ 

/ 

70 

\^ 

V 

TES 

r  CL 

RVE 

/  / 
f  f 

/ 

/ 

«0 

\ 

V 

50 

'A 

/ 

/ 

10 

\ 
\ 

^ 

// 

30 

\ 

/ 

f 

20 

1 

V 

/ 

/ 

10 

\ 

^c. 

■^1 

r^ 

:!^ 

^ 

^ 

1"    1 

0^       % 

0"    ! 

O'*    k 

0*     60*    CO**    TO**    » 

1          1 

)*     8 

0"     J 

0-    % 

u"    t 

0**     6 

0"     i 

o»   a 

B*     i 

O"    1 

9" 

EQUATION  OF  DOTTED 

UNE 

__. 

- 

FUL 

LCUf 

VE  — 

■^ 

V      '-coe'SfT 

l4CO»*aiT 

■YE 

ESTI 

MAT 

IS 

\ 

i 

'           1 

1 

Fig.  14. 

Polarization. — The  interferometer  was  found  to  be  capable  of 
showing  the  state  of  polarization  in  the  most  elegant  manner,  not 
only  identifying  the  plane  of  polarization,  but  also  immediately 
identifying  the  accelerated  from  the  retarded  ray. 

Thus  with  the  axis  of  the  ^  A  plate  vertical  the  nicol  was  ro- 
tated and  the  action  and  character  of  the  fringes  observed.  The 
following  were  the  results  obtained : 


Digitized  by 


GoogI( 


No.  2.] 


INTERFEROMETER  STUDY. 


93 


Table  II. 


Position  of  Axis 

Action  of  Fringes  on 

Character  of  Central  Fringe 

of  Nicol. 

Magnetization. 

with  Magnetic  Field. 

0®  Vertical. 

Become  hazy. 

Hazy. 

-f  450 

Expand  and  remain  distinct. 

Distinct,  dark. 

4-  90**  Horizontal. 

Become  hazy. 

Hazy. 

+135^ 

Contract  and  remain  distinct. 

Distinct,  light. 

180°  Vertical. 

Become  hazy. 

Hazy. 

-135* 

Expand  and  remain  distinct. 

Distinct,  dark 

—  90''  Horizontal. 

Become  hazy. 

Hazy. 

-45<» 

Contract  and  remain  distinct. 

Distinct,  light. 

0'»  Vertical. 

Become  hazy. 

Hazy. 

X 

0" 

X 

A«- 

A 

In 

+  90'^ 

\-- 

H 

./ 

\^ 

iW 

y 

It  is  evident  that  the  haziness  at  0°  zb  90°  and  180°  is  due  to  the 
simultaneous  contracting  and  expanding  of  the  fringes.  Further 
analysis  shows  us  that  when  the 
fringes  expand  the  retarded  compon- 
ent is  present  and  when  the  fringes 
contract  the  accelerated  (or  shorter 
wave-length)  component  is  present. 

This  is  shown  in  Fig.  1 5.  Unpol- 
arized  light  is  represented  by  the  su- 
peri>osition  of  the  two  perpendicular 
planes  of  vibration. 

From  this  general  survey  of  the  in- 
terferometer we  derive  the  following 
generalizations  : 

1.  The  interferometer  is  capable  of  showing  the  magnetic  effect 
for  field  strengths  below  1,000  C.  G.  S. 

2.  The  visibility  curves,  even  under  unfavorable  circumstances, 
show  clearly  the  general  character  of  the  magnetic  effect  and  when 
checked  through  a  long  series,  by  means  of  an  harmonic  analyzer, 
furnish  an  incomparable  method  of  analysis. 

3.  When  unaccompanied  by  such  a  check  errors  are  not  readily 
eliminated  and  for  quantitative  measurements  of  change  in  wave- 
length another  use  of  the  interferometer  furnishes  a  better  method. 

Inasmuch  as  the  visibility  curve  analysis  was,  not  under  the  .cir- 
cumstances, entirely  available,  attention  was  turned  to  the  develop- 
ment of  point  3  above  and  carried  out  as  follows : 


Fig.  15. 

Axis  oi'%'K  plate  vertical, 

Nicol  rotated. 


Digitized  by 


GoogI( 


94  JOHN  C   SHEDD,  [Vol.  IX. 

Measurements  of  Change  of  Wave-length, 

Method, — Professor  Michelson  *  in  determining  the  difference  in 
wave-length  between  the  components  of  the  magnetic  line  makes 
use  of  what  he  calls  the  "period  of  coincidence  due  to  doubling." 
This  may  be  defined  as  follows  :  Consider  two  systems  of  fringes 
produced  by  light  sources  differing  but  little  in  wave-length.  Then 
the  resultant  system  due  to  both  sources,  will  be  the  resultant  of 
the  overlapping  of  the  component  systems,  and  at  certain  points 
destructive  interference  will  take  place,  and  at  others  reinforcement. 
The  fringes  will  then  run  through  a  series  of  maxima  and  minima 
as  A  is  increased.  The  distance  from  maximum  to  maximum  is  the 
"  period.*'  If  A  be  measured  from  "  zero  *'  to  the  first  point  of  re- 
inforcement, then  the  following  equation  holds 

A,  =  ^:i=(A^+i)A'  (II) 

where  N  is  the  total  number  of  fringes ;  and  A  and  A  are  measured 
in  mm.  In  the  case  of  the  lines  D^^  D^  these  maxima  occur  every 
988  fringes  and  A^  =  0.58242  mm.  In  the  case,  however,  of  the 
magnetic  shift  the  difference  of  wave-length  is  so  small  that  Michel- 
son  finds  the  values  of  A  to  range  from  58  mm.  to  14  mm.  as  the 
magnetic  field  increases  to  4,000  C.  G.  S.  units.  The  same  method 
is  also  described  by  Perot  and  Fabry  ^  and  is  especially  applicable 
where  the  difference  of  wave-length  is  sufficient  to  give  a  differ- 
ence of  color  to  the  two  sets  of  fringes. 

When  applied  to  the  magnetic  components  the  method  is  open  to 
improvement.  In  the  first  place  the  fringes,  at  a  point  where  A  = 
50,  or  even  30,  are  so  narrow  and  frequently  so  faint  that  an  accu- 
rate determination  of  points  of  reinforcement  (/.  ^.,  where  both  sys- 
tems agree  in  phase)  is  not  easy.  Secondly,  since  the  magnetized 
and  unmagnetized  fringes  cannot  be  simultaneously  observed,  the 
above  determination  consists  in  finding  the  value  of  A  at  which  the 
closing  of  the  magnet  shifts  the  system  the  double  width  of  one 
fringe.  This  determination  for  high  values  of  A  is  not  as  easy  as 
might  be  wished. 

>  Astro.  Phys.  Jr. ,  6,  p.  50. 

"Astro.  Phys.  Jr.,  Feb.,  1899.     See  Appendix  III. 
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There  are,  however,  two  possible  modifications.  If  the  nicol  be 
not  used,  it  has  been  seen  that  the  magnetized  components  draw 
apart,  one  being  retarded  and  the  other  accelerated.  The  corre- 
sponding effect  on  the  fringes  is  to  cause  the  original  system  simul- 
taneously to  contract  and  expand.  If  now  the  point  is  found  at 
which  the  two  systems  of  fringes  are  tangent  to  each  other,  each 
fringe  will  have  shifted  ^  its  own  width,  showing  that  the  acceler- 
ated system  is  ^  period  in  advance  of  the  retarded  one,  or  J^ 
period  removed  from  the  original  system.  We  then  have  the 
equation 

£^^,^m  =  {N+%)v.  (12) 

The  second  modification  consists  in  using  the  nicol  and  in  thus 
quenchinjg  one  of  the  component  systems.  Now  concentrate  the 
attention  upon  one  fringe,  either  adjusting  a  pointer  (fastened  to 
lens  c.  Fig.  10)  to  its  edge,  setting  the  fringe  tangent  to  a  line  drawn 
on  the  mirror  M^  or  by  merely  observing  the  central  fringe  of  the 
system.  Let  it  be  supposed  that  the  central  fringe  is  dark,  and  the 
field  unmagnetized.  On  turning  on  the  current  the  system  contracts, 
and  for  a  certain  value  of  A  will  be  the  exact  complement  of  the 
first,  the  center  being  now  light  instead  of  dark. 

Under  these  conditions  the  fringes  have  shifted  over  their  own 
width,  and  the  following  equation  is  obtained. 

A«,  =  iW  =  (i\^+^)A'.  (13) 

Still  a  third  modification  would  be  as  follows  :  Let  the  field  re- 
main magnetized  and  set  the  fringe,  with  the  nicol  in  a  given  posi- 
tion, tangent  to  the  fixed  line.  Then  let  the  nicol  be  rotated  90°,  so 
as  to  bring  the  other  system  of  fringes  into  view  ;  then  that  value 
of  A  which  renders  the  line  a  common  tangent  to  both  systems 
gives  a  difference  of  period  such  that 

A  =M,  ={N^i)\ 

where  X^  and  X^  are  the  component  lines.     Also  since  \  and  ^2  'i^ 
sj'inmetrically  with  respect  to  A  (the  unmagnetized  line)  we  have 
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or,  putting  the  equation  in  terms  of  A, 

i^=m={N±%)v  (14) 

which  IS  identical  with  equation  (13). 

Since  in  the  above  equations  N  is  the  total  number  of  fringes 
passed  over  from  the  position  A  =  o,  some  means  must  be  had  of 
knowing  its  value.  This  is  obtained  very  simply  as  follows  :  If  A  be 
given  in  mm.  then  i/A  equals  the  number  of  fringes  per  mm., 
and  iV=  a/A,  a  being  measured  in  mm.  Substituting  this  value 
in  the  above  equations  and  solving  for  A— A',  the  following  equa- 
tions are  obtained 

For  Ap  equation       (11) 

U!         A  2 
l^V=~=—  (II') 

A  A  ^ 

For  Aj^   equation  (12) 

4A        4A  U2; 

For  A>^^  equation  (13) 

A-A'  =  --  =  —  (13O 

2A        2A  ^ 

For  a  given,  value  of  A  —  A'  we  have  the  relation 

This  last  equation  would  indicate  that  the  second  method  given 
by  equation  (12')  would  be  the  most  accurate  since  it  gives  the 
smallest  values  of  A  and  hence  the  widest  and  brightest  fringes. 
It  must,  however,  be  noticed  that  the  condition  expressed  by 
equation  (12)  is  that  the  two  systems  of  fringes  shall  differ  by  i/^ 
period  and  hence  that  the  dark  rings  of  one  system  shall  coincide 
with  the  light  rings  of  the  other.  Hence  the  field  will  be  uni- 
formly illuminated  and  the  fringes  disappear.  In  practice  there  is 
found  to  be  a  region  over  which  the  fringes  are  blurred  and  the  ex- 
act point  of  extinction  is  difficult  to  determine. 

On  the  other  hand,  in  the  third  method  the  fringes  are  always 
sharp  and  for  values  of  H  above  2,000  C.  G.  S.  units  the  values 
of  A  are  small  enough  to  render  the  fringes  sufficiently  wide  for 
satisfactory  observation. 
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With  a  little  practice  the  method  of  observing  the  central  fringe 
was  found  to  give  concordant  readings  and  hence  was  used  in  prefer- 
ence to  setting  the  fringe  tangent  to  a  line. 

A  comparison  of  the  three  methods  is  given  by  equation  (i6). 

;.— ;/ 

Still  further  light  is  given  by  substituting  the  value  of      .^-  from 

equations  ( 1 3)  in  equations  (9). 
Making  this  substitution  we  get 


(17) 


\{  VI  €  be  regarded  as  constant,  these  equations  all  represent  rec- 
tangular hyperbolae  asymptotic  to  H  and  A  taken  as  axes. 

It  is  thus  seen  that  curves  expressing  the  relation  of  H  and  A 
furnish  a  ready  means  of  comparison  both  by  equations  (16),  and 
by  their  form  as  indicated  by  equations  (17).  Such  a  set  of  com- 
parison curves  was  taken  with  an  oxygen  gas  flame  colored  with 
sodium.  In  Table  III.  the  values  of  //A  for  different  parts  of  the 
curve  are  given,  and  the  curves  themselves  are  given  in  Fig.  16. 


1st  method. 

__                    ;;/ 
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Table  III. 

Method  II. 

• 

Method  III. 
^A             1           ^                    //A 

Metl- 

lOd   I. 
//A 

//» 

A 

(curve  A.)                            (curve  B.) 

(curve  C.) 

2,300 

15.4 

354         1      21.4      i      492 

13.1            300 

3,000 

12.0 

360 

16.7 

500 

12.0           360 

4,000 

9.0 

360               13.3 

530 

11.0 

440 

5,000 

7.3 

365               10.5 

526 

10.0 

500 

6,000 

6.2 

370                8.2      !      490 

9.0 

540 

7,000 

5.5 

385                6.8            475 

8.2 

575 

8,000 

4.8 

384 

5.8            465 

7.4 

590 

9,000 

4.3 

386 

5.2            470 

6.7 

602 

10,000 

3.8 

380 

4.8            480 

6.1 

610 

11,000 

3.5 

386 

4.5            496 

5.6 

615 

12,000 

3.4 

408                4.4            528 

5.3 

635 

.   _  _ 

— — 

--     —    -           -        

■ 

*  H  throughout  these  experiments  was  determined  by  the  balistic  method. 
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Curves  A  and  B  corresponding  to  Methods  II.  and  III.  show  a 
close  correspondence  with  equation  ( 1 7)  while  curve  C  is  manifestly 
unreliable. 
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Fig  16. 

Comparing  curves  A  and  B  we  see  that  equation  (16)  is  not  ful- 
filled, and  hence  that  either  one  or  both  curves  are  displaced.  From 
the  fact  already  pointed  out  as  to  the  difficulty  of  making  settings  for 
curve  A  we  have  no  hesitation  in  concluding  that  the  readings  for 
this  cure  are  uniformly  too  high.*  Assuming  that  curve  B  is  cor- 
rect, the  dotted  curve  D  gives  the  corresponding  position  for 
curve  A, 

Section  III.     Comparison  of  Magnetic  Shift  at  Different 

Temperatures. 
To  investigate  this  the  sodium  flame  was  used  and  reversal  curves 
taken,  by  Method  III.,  under  the  following  conditions  :     I.  Bunsen 
flame,  II.  Oxy-gas  flame,  III.  Vacuum  tube. 

1  It  is  not  to  be  supposed  that  curve  A  represents  the  greatest  accuracy  attainable  by 
Method  II.  Continued  observation  would  undoubtedly  render  this  method  quite  avail- 
able. 
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The  light  was  viewed  parallel  to  the  magnetic  field  as  giving  the 
most  uniform  structure  of  line  (see  Fig.  3,  B),  and  a  y^l  mica  plate 
used.      The  following  tables  are  selected  as  representative. 

Table  IV. 

Reversal  Curves.     Na  in  Bunsen  Flame. 


H 
C.  G.  8.  units. 


0,000 

00 

0.000 

3,000 

12.80 

0.135 

4,000 

11.65 

0.155 

5,000 

10.60 

0.168 

6,000 

9.60 

0.180 

7,000 

8.50 

0.205 

8,000 

7.70 

0.230 

9,000 

6.40 

0.274 

9,500 

5.40 

0.325 

9,600 

5.00 

0.350 

9,700 

4.90 

0.370 

9,800 

4.80 

0.375 

10,000 

4.70 

0.380 

11,000 

4.65 

0.380 

12,000 

4.65 

0.380 

13,000 

4.65 

0.380 
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Table  IV.  is  platted  in  Fig.  17.  The  part  of  the  curve  lying  be- 
tween 8,000  C.  G.  S.  and  1 1,000  was  checked  up  with  special  care 
and  the  knee  in  the  curve  verified.  For  all  readings  where  A  is 
less  than  3  mm.  a  small  change  in  A  indicates  a  large  change  in 
X  —  A',  and  hence  the  readings  become  less  sensitive.  The  departure 
of  the  reversal  curve  from  the  normal  hyperbolic  form  would  in- 
dicate, as  is  shown  in  curve  B,  Fig.  17,  an  ionic  inertia  or  lag,  due 
either  to  low  temperature  or  high  density  of  the  gas,  or  to  both 
This  constraint  retards  the  change  in  wave-length  but  suddenly 
gives  way  at  a  field  strength  of  about  9,500.  Above  a  value  of 
Hy  of  10,000  the  mean  wave-length  of  the  lines  do  not  seem 
further  to  change,  increase  in  H  beyond  this  point  being  effective  in 
broadening  the  lines  rather  than  in  separating  them. 

In  curves  A  and  B  (Fig.  18)  a  small  flame  2  cm.  high  was  used 
with  the  tip  of  the  inner  cone  opposite  the  aperture.  In  curve  C 
the  jet  was  1 5  cm.  high  and  the  base  of  the  flame  opposite  the 
opening.  The  flame  in  both  cases  was  colored  with  a  bead  of  fused 
sodium  carbonate. 

Curve  C shows  the  same  "lag"  as  does  the  Bunsen  flame,  and 
the  maximum  value  of  A  —  /'  is  not  so  large.     In  curves  A  and  B, 


Table  V.     See  Fig.  18. 

Reversal  Curves.     Na  in  Oxygen-gas  Flame. 


H 

A^mm. 

^B  mm. 

A  nttiXti, 

(A-V)^ 

(A-A')^ 

(A-^A')p 

0 

00 

00 

00 

0.000 

0.000 

0.000 

2,500 

17.20 

18.50 

19.40 

0.105 

0.097 

0.090 

3,000 

16.00 

17.15 

18.00 

0.111 

0.105 

0.100 

4,000 

13.30 

14.35 

15.35 

0.135 

0.125 

0.115 

5,000 

10.80 

11.70 

12.80 

0.164 

0.151 

0.140 

6,000 

8.25 

9.00 

10.70 

0.212 

0.197 

0.165 

7,000 

6.20 

6.95 

9.10 

0.285 

0.251 

0.197 

8,000 

5.10 

5.80 

7.80 

0.345 

0.304 

0.228 

9,000 

4.55 

5.10 

6.90 

0.390 

0.345 

0.254 

9,500 

4.40 

4.90 

6.50 

0.400 

0.360 

0.275 

10,000 

4.30 

4.70 

6.00 

0.410 

0.375 

0.310 

10,500 

4.25 

4.50 

5.40 

0.420 

0.402 

0.334 

11,000 

4.15 

4.40 

5.15 

0.430 

0.402 

0.345 

12,000 

4.05 

4.40 

5.10 

0.442 

0.402 

0.345 

12,700 

4.00 

4.40 

5.10 

0.442 

0.402 

0.345 
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Fig.    18. 


which  are  at  a  higher  temperature,  this  lag  is  overcome  at  a  lower 
value  of  //,  and  the  maximum  value  of  X^V  is  larger. 


Table  VI.     See  Fig.  19. 

Reversal  Curve.     Na  in    Vacuum   Tube, 


H 

A  mm. 

A  — A' A.  U. 

0 

00 

0.000 

5,000 

11.20 

0.160 

6,000 

9.50 

0.186 

7,000 

7.90 

0.225 

8,000 

6.30 

0.280 

9,000 

5.00 

0.352 

9,500 

4.60 

0.384 

10,000 

4.25 

0.415 

10,500 

4.10 

0.431 

11,000 

4.00 

0.441 

12,000 

4.00 

0.441 

13,000 

4.00 

0.441 
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Fig.  1 9  would  seem  to  show  that  at  the  temperature  of  the  vacuum 
tube  the  change  of  ^  —  /'  is  nearly  proportional  to  H\x^  to  7,000  C. 
G.  S.,  at  which  point  the  **  lag  **  is  overcome.  At  1 1,000  the  maxi- 
mum for  A  —  AMs  reached. 

In  the  case  of  the  vacuum  tube,  the  tube 
was  arranged  as  shown  in  Fig.  20.  The 
brass  tube  T  is  made  to  fit  over  the  pole 
heads  of  the  magnet,  and  is  capped  at  either 
end,  thus  forming  a  metal  box.  Into  this 
box  the  vacuum  tube  is  placed,  being  held 
from  contact  with  the  metal  by  asbestos 
wool. 

A  Bunsen  flame  is  so  supported  as  to 
play  horizontally  upon  the  tube.  Small  glass  tubes  enter  the  caps 
and  convey  wires  to  the  terminals  of  the  vacuum  tube  which  was 
energized  by  an  induction  coil  of  the  usual  type.  The  substance 
whose  spectrum  was  to  be  examined  was  placed  in  the  tube,  in  the 
form  of  filings,  and  the  tube  then  exhausted  to  between  i  mm.  and 
2  mm.  pressure.     The  brass  tube  was  then  heated  by  means  of  the 


Fig.  20. 
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Bunsen  flame,  until  the  spectral  lines  appeared  sharp  and  bright. 
In  some  cases  the  heating  was  pushed  too  far,  resulting  in  chemical 
action  on  the  glass. 

Upon  using  the  vacuum  tubes  it  was  found  that  the  glass  of  the 
tube  itself  acted  as  a  retardation  plate,  adding  its  effect  to  that  of 
the  J^  A  mica  plate.  It  was  thus  found  impossible  to  produce  an 
exact  retardation  of  J^  period.  With  reversed  positions  of  the  nicol 
prism,  however,  the  two  systems  of  fringes  were  found  to  be  clear 
and  sharp  so  that  the  arrangement  was  satisfactory  if  not  ideal.  The 
mica  plate  was  used  part  of  the  time,  and  part  of  the  time  discarded. 

In  the  preceding  curves  the  effect  of  pressure  cannot  be  separated 
from  the  temperature  effect.  The  combined  effect  is  what  is  ob- 
served. An  interesting  detail  yet  to  be  studied  is  the  case  where 
the  pressure  is  gradually  varied,  and  a  pressure  curve  obtained. 

Summary, — From  a  study  of  these  curves  we  draw  the  following 
conclusions  with  regard  to  the  effect  of  temperature. 

I.  At  the  temperature  of  the  Bunsen  flame  there  is  a  distinct 
ionic  "lag"  or  constraint  which  is  overcome,  suddenly,  at  a  field 
strength  of  9,500  C  G.  S.  units. 

II.  This  ionic  lag  becomes  less  as  the  temperature  rises  and  is 
practically  absent  at  the  hottest  temperature  of  the  oxygen-gas  flame 
or  of  the  vacuum  tube. 

III.  The  change  in  wave-length  reaches  a  maximum  value  depend- 
ing upon  the  temperature  (and  pressure);  the  maximum  is  reached 
at  about  1 1,000  C.  G.  S.  For  values  of  H  above  this  the  magnetic 
effect  is  to  broaden  the  lines  and  not  to  separate  them  further.^ 

This  latter  point  receives  support  from  Michelson's  echelon  spec- 
troscope which  shows  the  sodium  lines  to  belong  to  type  II.  (See 
Fig.  3,  B, 

Note.  An  attempt  was  made  to  take  observations  with  the  spark  gap.  A  glass  tube  I 
mm.  bore  was  taken,  and  metallic  sodimn  crowded  into  it  until  2  or  3  cm.  of  the  tube  at  the 
center  was  filled.  The  tube  was  then  cut  at  the  middle  of  the  sodium,  and  the  free  ends 
nsed  as  spark  terminals. 

On  turning  on  the  magnet  the  electro-dynamic  action  of  the  field  caused  a  spark  to  fan 
out  showing  in  a  very  pretty  manner  the  magnetic  equipotential  surfaces.  This  has  also 
been  observed  by  M.  Comu.     (Astro.  Phys.  Jr.,  7,  p.  166,  note  2. ) 

1  This  may  be  peculiar  to  the  sodium  lines,  and  be  due  to  the  simultaneous  presence  of 
the  lines  D^  and  D^.  No  observations  have  yet  been  made  upon  them  separately,  the 
dispersion  n^essary  to  iso!ate  them  being  too  great. 
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Section  IV.     Measurements  of  Magnetic  Shift. 


Equation  (9)  may  be  put  into  the  form 

e\fn \h 


(18) 


showing  that  for  a  given  value  of  X  the  change  in  wave-length  should 
be  proportional  to  H  provided  no  constraint  is  present.  We  have 
seen  that  in  the  case  of  sodium  (and  presumably  for  all  sub- 
stances) a  constraint  is  present  at  low  temperatures,  but  that  it 
disappears  as  the  temperature  rises.  In  the  measurement  of  mag- 
netic shift  it  is  important  that  the  temperature  be  high,  and,  pre- 
ferably, that  the  pressure  be  low.  These  conditions  are  fulfilled  by 
the  vacuum  tube ;  hence  it  was  used  as  a  source  of  illumination. 

It  was  primarily  intended  to  make  an  extended  series  of  observa- 
tions upon  the  spectral  lines  of  different  substances,  but  the  difficul- 
ties encountered  of  breaking  tubes,  deposits  in  the  capillary,  and 
chemical  action  within  the  tube,  were  such  as  to  reduce  the  number 
of  satisfactory  observations  to  sodium,  zinc,  mercury  and  cadmium. 
Difficulty  was  also  met  with  in  getting  readings  upon  lines  lying 
near  either  end  of  the  visible  spectrum. 

The  following  are  the  data  taken : 

Sodium.  Yellow  lines  (D^D^, — The  probable  linear  relation 
of  A  —  /'  to  //  can  be  derived  from  Fig.  2 1 ,  curve  B,  by  drawing  a 
line  from  the  origin  tangent  to  the  curve.     This  is  given  in  Fig.  24. 

Zinc.  Blue  line,  A  =  4810.724.  (For  arrangement  of  appa- 
ratus, see  Fig.  10.). 

Table  VII. 


//.  C.  Q.  S. 

A  mm. 
10.2 

-ft^X  A 

4,000 

408  • 

5,000 

8.30 

415 

6,000 

6.80 

408 

7.000 

5.80 

406 

8,000 

5.05 

404 

9,000 

4.40 

396 

9,500 

4.15 

394 

10,000 

3.95 

395 

10,500 

3.85 

405 

Aver.  =403., 
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The  average  of  column  three  is  the  product  of  //  x  A  of  the 
equivalent  hyperbola,  and  this,  divided  by  any  given  value  of  H, 
gives  a  corrected  value  for  A,  which  may  be  used  in  determining 
the  value  of  A  —  ^'.  In  this  way  a  double  check  is  secured,  first,  in 
drawing  a  smooth  curve  through  the  original  data,  and  thus  getting 
the  readings  of  column  two;  and  second,  in  "averaging"  these 
readings  in  the  manner  shown. 

In  Table  VII.  the  average  of  column  three  is  403  ;  the  value  of  A 
corresponding  to  //=  5,ooo,  is  8.06,  and  A  — ^/  is  0.144  A.  U. 
This  is  given  in  Fig.  2 1 . 

Mercury, — Readings  were  obtained  on  the  yellow,  green  and  violet 
lines  as  follows  : 


Table  VIII. 


H 

Yellow  line. 

Qreen  line. 

Violet  line. 

A -5790.49. 

A -5460.97. 

A -4358.56. 

A 

//A 

A                   //A 

A 

/TA 

3,000 

20 

600 

, 

4,000 

15. 

600 

12.0 

480 

1          ,    , 

, 

5,000 

11.9 

595 

9.5 

475 

,    , 

, 

6,000 

9.85 

591 

8.0 

480 

,    , 

7,000 

8.25 

578 

6.8 

476 

5.7 

399 

8,000 

7.00 

560 

5.8 

464 

4.8 

384 

9,000 

6.20     .      558 

5.2 

468 

4.3 

387 

10,00a 

5.70           570 

4.8 

480 

!        3.8 

380 

11,000       1 

5.45           560 

4.7       ;      517 

3.5 

385 

Aver.  =  579. 


Aver.  =  480. 


Aver.  =  387. 


The  magnetic  shift  for  //'=  5,000  is,  yellow  line  o.  1 28  A.  U.,  green 
line,  0.15s  A.  U.,  violet  line  0.120  A.  U. 

Lines  are  then  drawn  through  zero  and  this  value,  thus  giving 
the  magnetic   shift  for  any  value  of  A.     This  is  done  on  Fig.  22. 

Cadmium, — Readings  were  taken  on  the  red,  green  and  blue  lines 
as  shown  in  Table  IX.,  and  platted  on  Fig.  23. 
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H 

Red  line. 
A  -6438.9. 

A -5086.3. 

Blue  line. 
A -4800. 

A 

HX^ 

A 

475 
520 
540 
540 
546 
560 
594 

A 

//XA 

3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 

18.6 

14.15 

11.4 

9.8 

8.75 

8. 

745 
708 
685 
685 
700 
720 

15.8 

13. 

10.8 

9. 

7.8 

7. 

6.6 

13.9 
10.7 
8.4 
6.85 
5.9 
5.3 

418 
432 
420 
411 
413 
424 

Aver.  =707. 


Aver.  =539. 


Aver.  =420. 


The  magnetic  shift  for  H^  5,000  is  red  line,  0,131  A.  U.;  green 
line,  o.  1 20  A.  U.;  blue  line,  o.  137  A.  U. 
The  results  may  be  summarized  as  follpws  : 


Table  X. 

Substance. 

Line. 

Magnetic  Shift  for 
//«  5000                      H  •- 10,000 

A.  U.                 1                A.  U. 

Sodium.  1 

Yellow  line  D,. 

0.207 

0.414 

Mercury. 

Yellow  line. 

0.128 

0.256 

(< 

Green  '   ** 

0.155 

0.310 

if 

Violet       «* 

0.120 

0.240 

Cadmium. 

Red 

0.131 

0.262 

it 

Green       ** 

0.120 

0.240 

i( 

Blue 

0.137 

0.274 

Zinc. 

Blue 

0.144 

0.288 

This  table  is  shown  graphically  on  Fig.  24. 


1  The  echelon  shows  that  the  separation  of  the  components  of  /?,  to  be  about  two- 
thirds  of  that  of  Dy  The  value  here  found  belongs  to  Z>i,  the  line  having  the  greater 
magnetic  shift. 
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RATIO    OF    IONIC    CHARGE   TO    IONIC    MASS. 

Equation  (10)  gives  the  relation 


(10) 


for  the  case  of  circularly  polarized  light  This  must  be  slightly 
modified  for  plane  polarized  light  as  the  period  of  single  vibration 
will  be  half  that  of  the  complete  vibration  of  the  circularly  rotating 
Equation  (10)  will  then  be  written 


ion 


e;  m  = 


X^)J    2T.V 


(19) 


The  numerical  value  in  electromagnetic  units  may  now  be  calcu- 
lated from  the  values  of  /  —  ^ '  and  H, 

For  the  lines  so  far  examined  the  values  are  as  follows :  The  lines 
may  be  grouped  according  to  the  value  of  elm  \  this  gives  the  fol- 
lowing interesting  table. 

Table  XI. 


Substance. 

Sodium. 

Mercury. 

Cadmium. 

Zinc. 

Mercury. 

Cadmium. 

Mercury. 

Cadmium. 


Line. 


Yellow. 

Vio'et. 

Blue. 

Blue. 

Green. 

Green. 

Yellow. 

Red. 


22.45  X  105 
23.81  •• 
22.41  ** 

23.46  " 
18.59  •• 
17.48  ** 
14.35  " 
1L93  " 


Type  of  line. 
(Michelson.) 


Type  II. 

Type  III. 
Type  I. 


It  is  thus  seen  that  the  groupings  according  to  Michelson's  chart 
(see  Fig.  3)  and  according  to  the  value  of  elm  are  the  same. 

The  data  furnished  by  Preston*  are  too  meager  to  furnish  a  just 
comparison,  but  it  is  to  be  said  that  his  classification  is  not  so  well 
defined  as  is  that  furnished  by  the  interferometer. 

Polarization. — The  method  of  observing  the  state  of  polarization 
has  been  outlined.  In  the  lines  examined  the  state  of  polarization 
» Phil.  Mag.  (5),  45.  p.  330.     See  part  I. 
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was  found  to  be  normal  with  the  exception  of  two  cases,  that  seem 
deserving  of  notice. 

I.  Violet  Line  of  Mercury, — In  the  readings  of  Table  VIII.  the  set- 
tings were  taken  successively  on  the  yellow,  green  and  violet  lines  for 
the  same  value  of  //,  by  shifting  the  slit  5  in  Fig.  lo.  The  nicol 
was  so  set  as  to  cause  the  fringes  to  expand,  thus  giving  the  re- 
tarded component.  For  high  values  of  A  the  behavior  of  the  fringes 
in  the  case  of  faint  lines  is  not  readily  observed,  and  it  was  not  until  the 
value  A  ==  5. 14  mm.  was  reached  that  it  was  noticed  that  the  violet 
line  contracted,  while  the  yellow  and  green  lines  expanded.  This 
behavior  was  carefully  observed  for  the  balance  of  the  readings 
and  persisted  throughout.  This  peculiar  state  of  polarization  would 
indicate  that  the  component  of  the  violet  line  which  agrees  in  rota- 
tion with  the  magnetic  whirl  is  retarded  instead  of  accelerated,  as  in 
the  other  lines.  Hence  we  must  have  present  a  species  of  diamag- 
netic  ion  in  contrast  to  the  ordinary  or  "  magnetic  "  ion.  The  above 
observations  were  taken  with  the  greatest  of  care,  and  yet  the  con- 
clusion seemed  so  unusual  as  to  call  for  repeated  verification.  All 
attempts,  however,  to  secure  the  same  observations  proved  unavail- 
ing so  far  as  reversed  polarization  was  concerned. 

II.  In  the  case  of  the  cadmium  lines  the  following  observations 
were  made  :  The  red^  green  and  blue  lines  were  examined,  the  nicol 
being  set  so  as  to  cause  the  fringes  to  contract,  thus  giving  the  ac- 
celerated ray.  The  observations  were  begun  with  H ^  2,900  C.  G. 
S.  units.  At  the  second  reading  with  -^=  6,600  the  fringes  all  ex- 
panded, and  so  also  for  //=  7,900.  At  the  last  reading  with  //= 
8,800  all  the  fringes  again  contracted.  The  apparent  conclusion  to 
be  drawn  is  that  a  reversal  of  the  state  of  polarization  takes  place 
during  the  progress  of  the  experiment.  It  is  more  likely,  however, 
that  in  this  case,  since  (as  already  stated)  the  glass  of  the  vacuum 
tube  acts  as  a  retardation  plate,  some  change  of  stress  due  either  to 
variation  in  temperature  or  to  the  magnetic  field,  is  responsible  for 
the  observed  effect  This  fact,  in  connection  with  the  difference 
in  wave-length  between  the  violet  and  the  green  and  yellow  lines  of 
mercury,  may,  perhaps,  also  explain  the  unusual  behavior  observed 
in  this  line.  Both  these  cases  illustrate  the  necessity  of  carefully 
watching  the  instrumental  factors  present. 
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Summary, — ^The  study  of  the  magnetic  shift  and  the  values  of  r/w 
lead  to  the  following  conclusions  : 

I.  A  classification  of  lines  according  to  the  amount  of  magnetic 
shift  is  of  little  value. 

II.  A  classification  of  lines  according  to  the  value  of  ejm  is 
significant. 

III.  Such  a  classification  groups  the  lines  according  to  the  type 
of  line  produced,  as  given  by  the  analysis  of  visibility  curves. 

IV.  The  smaller  the  value  of  elm  the  less  the  broadening  of  the 
component  lines  and  the  simpler  their  structure ;  vice  versa  the 
larger  the  value  of  elm  the  more  the  broadening,  and  the  more 
complex  their  structure. 

Recapitulation. 

In  the  preceding  pages  the  history  of  the  subject  has  been  traced, 
from  the  first  experiments  of  Faraday  to  the  present  time.  The 
bearing  of  the  Maxwell-Lorentz  theory  upon  the  progress  of  Zee- 
man's  experiments  is  noted,  and  the  reacting  influence  of  experiment 
upon  theory  is  shown,  so  that  in  the  papers  of  Larmor,  Lorentz  and 
others  the  mathematical  exposition  of  the  subject  has  kept  pace  with 
the  experimental  observations.  In  the  experimental  development  of 
the  problem  two  well-marked  methods  have  been  presented  and  com- 
pared. It  has  been  found  that  the  spectro-photographic  method  is 
(i)  limited  in  range  by  reason  of  the  small  resolving  power  of  the 
ruled  grating  when  so  minute  changes  are  to  be  measured ;  and  (2) 
is  limited  in  accuracy  by  reason  of  the  wide  margin  of  error  in  the 
settings  of  the  micrometer,  especially  when  nebulous  lines  are  to  be 
measured. 

On  the  other  hand,  the  interferometer  method  has  been  seen  to 
possess  a  resolving  power  greatly  in  excess  of  the  photographic 
method,  and  hence  is  applicable  to  low  values  o{  H2&  well  as  to  high 
values. 

The  results  accomplished  so  far  consist  in 

I.  By  the  spectro-photographic  method. 

(i)  A  classification  of  lines  according  to  the  type  of  line  produced 
by  the  magnetic  field. 
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(2)  The  measurement  of  the  distance  between  outside  compo- 
nents of  magnetic  triplets  and  a  determination  of  the  value  of  the 
ratio  tim. 

The  number  of  lines  so  far  examined  is  not  large,  nor  do  the 
values  of  the  magnetic  shift  obtained  by  different  observers  seem  to 
agree  very  well ;  but  enough  has  been  done  to  suggest  a  classifica- 
tion of  lines  parallel  to  that  obtained  by  Kayser  and  Runge. 

II.  With  the  interferometer  Professor  Michelson  has  presented, 

(i)  Three  well-marked  types  of  lines,  with  a  possible  fourth  type. 

(2)  He  has  concluded  that  the  magnetic  shift  is  to  be  regarded 
as  approximately  independent  of  substance  or  color. 

The  chief  value  to  be  attached  to  his  work  is  contained  in  (i), 
and  it  would  seem  to  us  better  to  leave  (2)  unformulated  rather  than 
to  state  it  as  an  approximate  law. 

The  experiments  described  in  this  paper  have  sought  to  deter- 
mine, 

(i)  The  relation,  at  different  temperatures,  of  the  magnetic  shift 
to  strength  of  field. 

(2)  To  present  a  method  of  measuring  the  magnetic  shift  that 
shall  be  as  free  as  possible  from  objections  involved  in  existing 
methods. 

The  method  adopted  is  similar  to  existing  interferometer  methods, 
but  is  believed  to  be  especially  adapted  to  the  present  problem. 

(3)  To  measure  the  magnetic  shift  and  determine  the  ratio  elm. 
The  values  obtained  for  magnetic  shift  show  that  any  classifica- 
tion based  upon  this  alone  is  of  relatively  small  value ;  but  that  a 
classification  based  upon  the  value  o(  ejm  is  significant. 

This  classification  is  seen  to  give  groups  of  lines  identical  with  the 
groups  presented  by  Michelson' s  three  types  of  lines. 

The  complexity  of  structure  is  also  seen  to  depend  upon  the 
value  of  this  ratio  c;m. 

The  preceding  experiments  were  carried  on  in  connection  with 
the  Fellowship  in  Physics  from  1897  to  1899  at  the  University  of 
Wisconsin,  under  the  direction  of  Professor  Benjamin  W.  Snow; 
whom,  in  conclusion,  I  desire  to  thank  for  his  helpful  and  continued 
encouragement  throughout  the  progress  of  this  investigation. 

Physical  Laboratory,  University  of  Wisconsin,  April,  1899. 
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Appendix   I. 

Extract  from  Life  of  Faraday  by  Dr.  Bence  Jones,  Vol.  II.,  p.  44. 

**  1862  was  the  last  year  of  experimental  research  ;  SteinheiPs  ap- 
paratus for  producing  the  spectrum  of  different  substances  gave  a 
new  method,  by  which  the  action  of  magnetic  poles  upon  light 
could  be  tried.  In  January  he  made  himself  familiar  with  the  appa- 
ratus, and  then  he  tried  the  action  of  the  great  magnet  on  the  spec- 
trum of  NaCl,  BaCl,  StCl  and  LiCl. 

"  On  March  1 2  he  writes : 

**  'Apparatus  as  on  last  day  (January)  but  only  ten  pairs  of  voltaic 
battery  for  the  electromagnet. 

**  *  The  colorless  gas  flame  ascended  between  the  poles  of  the  mag- 
net, and  the  salts  of  sodium,  lithium,  etc.,  were  used  to  give  color. 
A  Nicol's  polarizer  was  placed  just  before  the  intense  magnetic  field, 
and  an  analyzer  at  the  other  extreme  of  the  apparatus.  Then  the 
electromagnet  was  made,  and  unmade,  but  not  the  slightest  trace  of 
effect  on  or  change  in  the  lines  of  the  spectrum  was  observed  in 
any  position  of  polarizer  or  analyzer. 

'•  *  The  other  pierced  poles  were  adjusted  at  the  magnet,  the  colored 
flame  established  between  them,  and  only  that  ray  taken  up  by  the 
optic  apparatus  which  came  to  it  along  the  axis  of  the  poles,  i,  e,, 
in  the  magnetic  axis  or  line  of  magnetic  force. 

*'  'Then  the  electromagnet  was  excited  and  rendered  neutral,  but 
not  the  slightest  effect  on  the  polarized  or  unpolarized  ray  was  ob- 
served.' 

"This  was  the  last  experimental  research  that  Faraday  made.** 

II. 

Extract  from  M.  Ch.  Fievez  (Astronome  a  I'Observatoire  Royale 
de  Bruxelles),  Bulletins  de  r Academic  Royale  de  Belgique,  3d  serie, 
tome  ix.,  p.  381  (1885). 

"  L'installation  spectroscopique  de  TObservatoire,  disposant  d*un 
appareil  dispersif  de  tres  grande  puissance  et  d'un  electro-aimant 
Faraday,  construction  Ruhmkorff,  pouvant  etre  active  par  un  cou- 
rant  de  50  ampres  d*intensite,  a  permis  d*aborder  ce  probleme. 
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"  La  flamme  oxyhydrique  d'un  petit  chalumeau  etait  dirigee 
horizontalement  sur  un  charbon  sode  place  entre  les  armatures 
coniques  de  relectro-aimant,  distantes  Tune  de  I'autre  de  lo  milli- 
metres. Une  image  de  la  flamme  etait  projetee  sur  la  fente  du 
spectroscope  par  un  objectif  double.  La  quantite  d'oxygene  intro- 
duite  dans  cette  flamme  permettait  de  regler  la  temperature  de  facon 
a  donner  aux  raies  spectrales  Di  et  D^  Tapparence  voulue. 

"  Dans  ces  conditions,  les  raies  sodiques  Dj  et  D^  etant  d*abord 
peu  larges  et  non  renversees  avant  le  passage  du  courant  d'aiman- 
tation,  deviennent  immediatement //«j  brillantes,  plus  tongues  et  plus 
larges  aussitot  que  Telectro-aimant  est  mis  on  activite. 

**  Si  les  raies  brillantes  D^  et  Dg  sont  deja  elargies,  Telectro-aimant 
etant  inactif,  elles  deviennent  plus  larges  encore  et  se  renversent 
(c*est-a-dire  qu*  une  raie  noire  parait  au  milieu  de  la  raie  brillante 
elargie)  pendant  le  passage  du  courant  d'aimantation. 

"  Si  les  raies  sont  deja  elargies  et  renversees,  I'elargissement  de 
la  raie  brillante  et  de  la  raie  noire  devient  beaucoup  plus  considerable. 

"  Ces  phenomenes,  qui  disparaissent  instantanement  lors  de  Vinter^ 
ruption  du  courant,  peuvent  etre  observes,  mais  avec  moins  d'in- 
tensite,  sur  la  raie  rouge  du  potassium,  du  lithium,  sur  la  raie  verte 
du  thallium,  etc.,  lorsqu'  une  minime  quantite  de  ces  metaux  ou 
d*un  de  leurs  sels  est  placee  sur  le  support  de  charbon. 

'*  Enfin,  les  armatures  coniques  de  Telectro-aimant  etant  rem- 
placees  par  les  armatures  meplates,  de  maniere  que  toute  la 
longueur  de  la  flamme  sodique  seit  comprise  entre  ces  armatures, 
les  raies  Dj  et  Dj,  prealablement  renversees  et  elargies,  presentent  un 
double  renversement  (c*est-a-dire  Tapparition  d'une  raie  brillante  au 
milieu  de  la  raie  noire  elargie),  lorsque  1* elect ro-aimant  est  en 
activite.*' 

in. 

Extract  from  article  in  Astro.  Phys.  Jr.,  February,  1899,  by 
Perot  and  Fabry. 

*****  when  the  light  is  complex  it  is  easy  to  obtain  a  precise 
measure  of  the  ratio  of  the  wave-length  of  the  radiations  which 
constitute  it;  let  there  be  two  radiations  of  nearly  equal  wave- 
length X  and  A  —  e.     The  distances  between  the  silvered  surfaces  is  in- 
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creased  until  the  discordance  between  the  two  systems  of  rings  is 
complete.  Then  if  e  is  the  distance  between  the  surfaces  (which  is 
given  with  sufficient  accuracy  by  the  micrometer)  we  have 

*****  This  method  is  also  readily  adapted  to  the  study  of  the 
change  of  wave-length  of  a  given  line,  on  condition  that  the  radia- 
tion be  sufficiently  monochromatic ;  in  such  a  case  a  comparison 
can  be  made  of  two  sources  emitting,  for  instance,  in  the  one  case 
the  altered  radiation  and  in  the  other  the  normal  radiation,  atten- 
tion being  directed  to  the  change  in  the  appearance  of  the  rings 
produced  by  the  two  sources  successively.*' 

Note. — With  the  interferometer  the  ray  travels  the  distance  be- 
tween the  plates  twice  and  hence  A  =  2e.  Therefore  the  equation 
for  the  interferometer  becomes 

e        I  )? 

--=__ore  =  —  . 
^       2J  2J 
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THE   EFFECT   OF   MAGNETIZATION   UPON   THE 
ELASTICITY   OF   RODS. 

By  J.  S.  Stevens  and  H.  G.  Dorsey. 

TN  the  Physical  Review,  Vol.  II.,  No.  4  and  Vol.  III.,  No.  6,  is 
-*-  described  a  series  of  important  experiments  which  show  the 
relation  between  temperature  and  elasticity  in  a  wire.  In  one  of 
the  papers  the  statement  was  made  that  the  results  seem  to  indicate 
that  the  magnetizing  effect  of  the  current  through  the  wire  increases 
the  modulus  of  elasticity.  The  increase  in  temperature  in  the  wire 
was  produced  by  sending  a  current  directly  through  it,  and  also  by 
sending  a  current  through  the  helix  which  surrounded  it.  The 
author  stated  that  **  the  magnetization  produced  by  the  first  method 
had  no  appreciable  effect  on  the  result,  and  that  if  there  is  any  dif- 
ference in  the  effects  produced  upon  the  elasticity  of  a  wire  by 
magnetizing  it,  that  difference  is  too  small  to  be  detected  with  any 
certainty  by  this  experiment.*' 

This  paper  contains  the  results  of  some  experiments  whose  ob- 
ject was  to  test  the  effect  of  magnetization  upon  the  modulus  of 
elasticity  by  the  application  of  interference  methods  of  measure- 
ment. 

The  accompanying  figure  will  make  clear  the  method  of  opera- 
tion. A  series  of  carefully  prepared  rods*  whose  dimensions  are 
given  below,  were  in  turn  supported  in  the  ordinary  manner  for  de- 
termining the  elastic  modulus  at  points  3.2  cm.  from  their  ends  on 
adjustable  knife-edges.  In  the  center  of  the  rod  suspended  from  a 
hook  was  the  load  causing  the  deflection,  and  on  the  upper  surface 
one  of  the  mirrors  of  an  interferometer.  Surrounding  the  rod  was 
first  an  air  space,  then  a  chamber  for  the  passage  of  a  stream  of 
water,  and  on  the  outside  two  series  of  coils  having  a  resistance  of 

1  The  same  rods  were  used  by  Mr.  C.  P.  Weston  in  his  experiment  described  in  the 
Physical  Review  for  May,  1899. 
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54.4  ohms  each.  When  the  rod  was  bent  by  the  deflecting  weight 
the  interference  fringes  were  found  in  the  usual  manner.  A  sodium 
lamp  \vas  used  as  the  source  of  light  radiations.  It  is  obvious  that 
any  change  in  the  modulus  of  elasticity  due  to  magnetizing  the  bar 
would  produce  a  corresponding  motion  in  the  fringes  seen  in  the 
mirror. 


Fig.  1. 

The  great  source  of  error  to  be  guarded  against  in  this  work  was 
the  effect  on  the  modulus  due  to  heat.  That  this  was  eliminated 
will,  we  think,  appear  from  the  following  considerations  : 

{a)  A  stream  of  water  was  caused  to  run  through  the  chamber 
between  the  coils  and  the  rod  while  the  observations  were  made. 

(d)  The  motion  of  the  fringes  appeared  to  be  instantaneous  when 
the  current  was  turned  on.  When  the  circuit  was  kept  closed  for 
some  time  a  Creeping  motion  of  the  fringes  (probably  due  to  tem- 
perature changes)  was  observed. 

(c)  A  copper  bar  of  the  same  dimensions  as  those  previously 
used  was  substituted,  and  no  such  instantaneous  motion  of  the 
fringes  was  observed. 

{d)  The  fringes  came  back  to  their  initial  position  immediately 
when  the  current  was  turned  off",  when  the  steel  rod  was  used. 

(e)  A  thermometer  reading  by  estimation  to  hundredths  of  a 
degree  showed  no  appreciable  change  of  temperature  in  the  air  sur- 
rounding the  rod  while  the  displacement  of  the  fringes  was  being 
measured. 

Among  the  difficulties  encountered  were  : 

(a)  The  arrangement  of  the  mirrors  so  as  to  get  good  fringes. 
The  conditions  for  producing  interference  were  extremely  unfavor- 
able as  the  adjustment  of  the  mirror  on  the  bar  had  to  be  made  en- 
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tirely  by  hand.  It  was  supported  on  wax  of  such  a  consistency 
that  it  could  be  easily  moved,  but  when  once  adjusted  it  kept  its 
place.  The  difficulty  here  referred  to,  however,  was  one  which 
needed  only  practice  and  patience  to  overcome,  and  whenever  the 
observations  were  recorded  the  fringes  were  sufficiently  distinct. 

{b)  Although  the  apparatus  was  mounted  in  a  basement  labora- 
tory, on  a  stone  slab  supported  by  a  brick  foundation  which  did  not 
come  in  contact  with  the  floor  or  any  other  part  of  the  building,  a 
clock  striking  four  stories  above  it  caused  a  rhythmical  motion  of 
the  fringes.  It  may  be  judged  from  this  illustration  that  the  work 
had  to  be  done  at  such  times  as  we  could  find  the  building  free 
from  ordinary  disturbances. 

{c)  Another  difficulty  was  encountered  at  first  arising  from  the 
use  of  homogeneous  light,  and  the  consequent  similarity  of  the 
fringes.  With  the  mirror  adjustments  used  here  it  would  have  been 
next  to  impossible  to  have  obtained  the  colored  fringes,  which  may 
readily  be  identified ;  but  it  was  soon  found  that  the  displacements 
were  never  of  an  order  of  magnitude  greater  than  one  wave-length, 
and  therefore  the  necessity  of  identification  was  avoided. 

The  following  data  were  employed  : 

Length  of  rods,  66.3  cm. 

Distance  between  knife-edges,  60.0     *' 

Breadth  of  rods,  i.o     ** 

Thickness  of  rods,  0.54  ** 

Length  of  magnetizing  helix,  53.0     " 

Number  of  layers  of  wire,  9.6 

Number  of  turns  of  wire,  7026. 

Minimum  current  used,  o.  1 2  amp. 

Maximum  current  used,  0.82     " 

Number  of  turns  per  cm.,  132. 

In  the  tables  which  follow  are  shown  the  current,  the  magnetizing 
force,  the  intensity  of  magnetization  and  the  accompanying  displace- 
ment of  the  fringes.  In  every  case  the  direction  of  displacement  in- 
dicated an  upward  movement  of  the  mirror,  and  hence  an  increase 
in  the  modulus  of  electricity. 
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Table  I. 

STEEL   BAR.     LOAD   iK. 


Current  in  nmperes. 

Magnetizing  force. 

Intensity. 
A  nearly  uniform 

Displacement  in 
wave-lengths. 

0.46 

77.5 

0.06 

0.54 

89.6 

intensity 

0.15 

0.57 

93.8 

of  about  700. 

0.20 

0.60 

99.6 

0.25 

0.64 

106.2 

0.38 

0.66 

108.7 

0.45 

0.68 

112.9 

0.50 

0.71 

117.9 

0.50 

0.75 

124.5 

0.63 

Table  II. 

STEEL  BAR.     LOAD   >^  K. 


Current  in  amperes. 

Magnetising  force. 

Intensity. 

Displacement  in 
wave-lengths. 

0.44 

73.0 

A  nearly  uniform 

0.06 

0.45 

74.6 

intensity 

0.06 

0.46 

77.5 

of  about  700. 

0.06 

0.62 

102.9 

0.13 

0.64 

106.2 

0.19 

0.65 

107.9 

0.25 

0.66 

109.6 

0.25 

0.68 

112.9 

0.31 

0.71 

117.9 

0.50, 

0.75 

124.5 

0.50 

Tabl 

E    III. 

WROUGHT  IRON 

BAR.     LOAD    iK 

Current  in  amperes. 

Magnetizing  force. 

Intensity. 

Displacement  in 
wave-lengths. 

0.12 

19.9 

389.7 

0.08 

0.15 

24.9 

516.5 

0.22 

0.27 

44.9 

735.2 

0.28 

0.33 

54.1 

838.2 

0.35 

0.38 

61.3 

0.38 

0.54 

89.7 

0.48 
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Table  IV. 

WROUGHT  IRON   BAR.     LOAD   y^K. 


Current  in  amperes. 

Magnetizing  force. 

Intensity. 

Displacement  in 
wave-lengths. 

0.16 

26.6 

615.1 

0.20 

0.33 

54.8 

730.0 

0.50 

a43 

7L6 

838.2 

0.63 

0.60 

99.6 

868.8 

0.75 

0.76 

125.9 

1075.0 

0.88 

Discussion  of  Results. 

The  difficulties  encountered  in  making  these  observations,  and 
the  fact  that  it  was  necessary  to  make  them  quite  rapidly  conspired 
to  render  the  results  recorded  in  the  last  columns  of  the  tables  rather 
unreliable  as  quantitative  measurements.  So  far  as  practicable,  how- 
ever, they  represent  the  mean  of  several  observations  taken  by  each 
of  us.  If  they  were  plotted  either  with  the  magnetizing  force  or  the 
intensity  of  magnetization  they  would  not  yield  a  straight  line  or 
any  other  regular  curve.  In  every  case,  however,  an  increase  of 
current  was  accompanied  by  an  increased  displacement.  In  the  case 
of  the  steel  bar  it  was  necessary  to  keep  the  current  within  a  lim- 
ited range,  and  as  shown  in  the  tables  the  intensity  remained  nearly 
constant.  With  the  wrought  iron  we  were  able  to  use  a  greater  range 
of  current  and  secured  a  greater  deviation  in  the  displacement 
column. 

The  following  may  be  set  down  as  the  results  of  the  experiment : 

(a)  The  modulus  of  elasticity  of  wrought  iron  and  steel  increases 
with  magnetization. 

{b)  In  the  case  of  steel  little  difference  was  observed  for  loads  of  i 
K  and  ^  K.     In  the  case  of  wrought  iron  the  smaller  load  gave  the 
greater  displacement  when  equal  magnetizing  forces  were  used. 
Physical  Laboratory,  University  of  Maine. 
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ON    FREEZING   AND   BOILING    WATER 
SIMULTANEOUSLY. 

By  R.  W.  Quick. 

MANY  lecturers  in  physics  perform  annually  the  well-known 
experiment  of  placing  a  small  quantity  of  water  in  a  shallow 
dish  under  the  receiver  of  an  air  pump  and  by  exhaustion  reduce  the 
pressure  below  the  vapor  pressure  of  ice  at  o^C.  or  0.46  cm.  when, 
if  everything  works  properly,  the  water  will  be  seen  to  boil  and 
freeze  at  the  same  time,  the  lowering  of  the  temperature  being 
caused  by  rapid  evaporation. 

But  this  experiment  requires  a  pump  with  automatic  valves  to 
attain  sufficient  exhaustion,  the  very  best  of  thermal  insulation  from 
the  bed-plate  of  pump,  and  some  drying  agent  to  absorb  the  vapor ; 
and  even  under  the  best  of  conditions  the  quantity  of  liquid  used 
must  be  so  extremely  small  as  to  render  the  experiment  not  easily 
seen  by  a  class. 

In  a  recent  lecture  to  a  class  in  heat  I  accomplished  the  experi- 
ment in  a  manner  which,  I  think,  is  novel  and  which  is  infinitely 
more  satisfactory.  The  great  advantage  in  this  method  is  the  large 
quantity  of  water  which  can  be  used,  and  the  violence  with  which 
the  ebullition  occurs  simultaneous  with  its  freezing. 

A  flask  made  of  good,  strong,  thin  glass  of  about  500  c.c.  or  a 
liter  capacity  is  nearly  filled  with  water,  and  its  contents  boiled  for 
at  least  an  hour  so  as  to  insure  the  removal  of  all  air  from  the  flask. 
While  still  boiling  violently  the  flask  is  quickly  corked  with  a  rub- 
ber stopper  and  the  flame  immediately  removed.  After  inverting 
the  flask  cold  water  is  poured  on  it,  causing  the  water  to  boil.  This 
will  continue  till  the  temperature  of  the  water  in  the  flask  reaches  a 
point  nearly  equal  to  that  of  the  water  applied.  (This  part  of  the 
experiment  is  a  well-known  one.)  If  ice  water  be  applied  to  the 
flask  the  water  in  the  flask  will  continue  to  boil  till  its  temperature 
reaches  about  3°  C.     Of  course,  there  is  no  "  boiling  away,"  as  the 
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vapor,  after  it  is  formed,  is  again  condensed  when  it  strikes  the  cold 
walls  of  the  flask.  In  this  experiment  it  is  to  be  observed  that  the 
fall  in  temperature  of  the  water  in  the  flask  is  not  due  to  evapora- 
tion, but  is  solely  accomplished  by  the  cold  liquid  applied  to  the 
outside  of  the  flask. 

The  process  is  continued  from  this  point  by  the  application  of  a 
cold  liquid.  The  liquid  I  used  was  ether  in  which  was  placed  a 
large  quantity  of  solid  carbon  dioxide  which  can  easily  be  obtained 
from  the  commercial  carbonic  acid  gas  contained  in  cylinders  under 
5  5  atmospheres  of  pressure,  and  used  for  charging  soda  fountains. 
When  a  suffident  quantity  of  the  solid  is  placed  in  the  ether  it  as- 
sumes a  constant  temperature  of  —  75°  C.  It  is  necessary  to  use 
only  about  100  c.c.  of  ether  contained  in  a  iso-c.c.  glass  beaker. 
Pouring  this  liquid  upon  the  inverted  flask,  which  must  be  supported 
in  position  by  wood  supports,  and  allowing  the  liquid  to  run  down 
the  neck  of  the  flask,  the  water  begins  to  boil  immediately  and 
continues  to  do  so  as  the  temperature  of  the  water  falls  to  the 
freezing  point.  This  occurs  in  a  few  seconds  after  the  cold  liquid  is 
applied.  At  this  point  steam  will  be  seen  to  freeze  on  the  walls  of 
the  flask,  making  it  appear  that  the  flask  is  cracking.  Soon  after 
bubbles  of  steam  will  be  seen  to  have  an  envelope  of  ice  formed 
about  them  just  as  they  break  through  the  surface  of  water  and  in 
a  short  time  a  layer  of  ice  forms  on  the  water  through  which  bubbles 
of  steam  attempt  to  pass  on  rising  to  the  surface.  Ice  also  forms  at 
the  neck  of  the  flask. 

At  this  point  I  ceased  pouring  on  the  ether  for  fear  the  flask  would 
burst  due  to  the  freezing  of  water  in  its  neck. 

Of  course  it  is  of  the  utmost  importance  to  have  all  the  air  ex- 
pelled from  the  flask  before  corking,  else  the  pressure  might  be 
above  0.46  cm.,  in  which  event  no  amount  of  cooling  would  cause 
the  water  to  boil  and  freeze  simultaneously. 

Georgia  School  of  Technology,  Atlanta,  Georgia. 
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NEW   BOOKS. 

Scientific  Papers,     By  P.   G.  Tait,  Sec.  R.   S.  E.     Vol.   I.     Cam- 
bridge University  Press.     New  York,  The  Macmillan  Company. 

The  publication,  under  the  auspices  of  a  great  university,  of  the  col- 
lected works  of  a  scientific  man,  is  in  itself  a  sufficient  indication  of  the 
distinguished  character  of  his  investigations  and  of  the  high  regard  in 
which  they  are  held  by  competent  judges.  The  field  that  Tait  has.  oc- 
cupied is  in  one  respect  unique.  His  writings  cover  indeed,  a  wide  range 
in  mathematical  and  physical  subjects,  and  his  name  will  always  be  asso- 
ciated with  those  of  the  most  notable  workers  in  the  modem  develop- 
ment of  physical  science  and  physical  ideas,  but  he  also  stands  out  promi- 
nently as  the  great  successor  to  Hamilton  in  the  development  of  quaternion 
analjrsis.  A  large  portion  of  his  investigations  has  been  conducted  by 
the  aid  of  that  analysis  and  have  resulted  not  only  to  the  advantage  of 
the  subject  itself,  but  have  also  imparted  to  physical  subjects  new  ideas 
and  developments  that  are  constantly  employed  even  by  those  who  have 
no  knowledge  of  quaternions.  It  is  hardly  possible  for  the  ordinary 
analyst  to  estimate  the  influence  which  the  development  of  quaternions 
has  bad  upon  the  mathematical  and  physical  conceptions  of  the  time.  It 
has,  indeed,  given  them  an  entirely  new  aspect  and  character,  and  has 
very  greatly  contributed  by  its  natural  methods  of  attacking  problems,  to 
the  removal  of  the  scientific  disease  of  phasia  or  want  of  direct  and  visible 
apprehension.  In  all  the  developments  of  Tait,  the  physical  and  visual 
side  remain  predominant,  and  it  is  because  of  this  natural  desire  to  see 
things  as  they  are,  that  the  quaternion  methods  have  appealed  to  him  most 
strongly.  Of  the  articles  in  this  volume  that  are  especially  noteworthy 
as  developments  both  of  quaternion  and  physical  truths,  we  may  note 
those  on  Fresnel's  wave-surface,  on  electrodynamics  and  magnetism,  and 
the  potential  of  a  closed  circuit,  on  small  displacements  of  the  particles 
of  a  medium,  on  the  rotation  of  a  rigid  body  about  a  fixed  point,  on 
Green's  and  other  allied  theorems,  on  linear  differential  equations  in 
quaternions,  on  orthogonal  isothermal  surfaces,  etc.  The  important  re- 
sults in  all  these  papers  are  put  in  such  shape  as  to  be  comprehensible  to 
the  ordinary  analyst  and  physicist,  for  it  is  the  peculiar  property  of  qua- 
ternion forms  that  they  are  intelligible  to  all  when  stated  in  words,  in- 
volving as  they  do,  only  direct  processes  of  geometry  and  physics. 
There  are  also  valuable  papers  on  many  mathematical  and  physical  sub- 
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jects  that  employ  the  quaternion  analysis  very  little  or  not  at  all,  such  as 
first  approximation  to  a  thermo-electric  diagram,  on  electrolytic  polariza- 
tion, on  the  law  of  frequency  of  error,  on  thermal  and  electric  conduc- 
tivity, on  mirage,  the  pressure  errors  of  Challenger  thermometers,  etc. 
The  volume  also  contains  the  complete  series  of  papers  on  Knots.  These 
constitute  the  most  important  work  in  this  subject,  first  considered  by 
Listing.  In  order  to  bring  these  papers  together,  the  practice  of  publish- 
ing the  different  papers  in  the  order  of  their  presentation  to  the  public, 
has  not  been  followed,  so  that  under  the  title  of  Knots  we  have  several 
long  papers,  some  of  which  would,  in  their  order  of  time,  appear  in  suc- 
ceeding volumes.  The  volume  is  interspersed  with  valuable  and  brief 
notes,  and  also  with  lectures  and  addresses  on  various  subjects,  which  are 
interesting  and  have  often  been  epoch-making  in  respect  to  the  ideas  in- 
volved. 

In  editing  his  own  writings  at  the  request  of  the  Syndics  of  the  Uni- 
versity Press,  Tait  has  neglected  to  note  those  papers  that  received  prizes 
for  special  merit  at  the  time  of  their  publication.  For  example,  the  Keith 
Prize  for  the  best  communication  on  a  scientific  subject,  communicated 
in  the  first  instance  to  the  Royal  Society  of  Edinburgh  (preference  given 
to  a  paper  containing  a  discovery),  was  awarded  for  the  period  1867-69 
to  the  paper,  **  On  the  Rotation  of  a  Rigid  Body  About  a  Fixed  Point,'* 
and  for  the  period  1871-73  to  the  paper,  **  First  Approximation  to  a 
Thermo-electric  Diagram.**  These  two  papers  are  typical  illustrations  of 
the  two  lines  of  work  pursued  by  Tait,  and  a  brief  synopsis  of  them  will 
show  the  general  character  and  trend  of  his  different  investigations,  which 
are  always  purely  physical,  whether  in  quaternion  or  analytical  form. 

The  purpose  of  the  first  paper  is  best  explained  by  a  brief  quotation 
from  the  author's  introduction :  *  *  Although  it  is  very  improbable  that 
there  remains  to  be  discovered  any  new,  and  at  the  same  time  simple* 
fact  connected  with  a  question  which  has  been  elaborately  treated  by 
many  of  the  greatest  mathematicians  of  this  and  the  preceding  century, 
the  employment  of  a  new  mathematical  method  may  enable  us  to  present 
some  of  their  results  in  a  more  intelligible  form,  and  with  far  less  ex- 
penditure of  analytical  power  than  has  hitherto  been  deemed  necessary ; 
and  it  may  give  us  such  an  insight  into  the  question  that  we  shall  be  able 
easily  to  discover  the  mutual  relations  among  the  various  processes  which 
have  been  employed ;  so  far,  at  least,  as  these  differ  in  principle,  and  not 
merely  in  the  peculiar  co-ordinates  assumed  for  the  purpose  of  simplify- 
ing the  equations.  Such  a  method  is  that  of  Quaternions,  which  seems 
to  be  expressly  fitted  for  the  symmetrical  evolution  of  truths  which  are 
usually  obtained  by  the  ordinary  Cartesian  methods  only  after  great  labour 
of  calculation,  and  by  modes  of  attack  so  indirect,  and  at  first  sight  so 
purposeless,  as  to  bewilder  all  but  a  very  small  class  of  readers.  *  * 
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The  fundamental  basis  of  the  investigation  is  the  almost  instantly  dem- 
onstrated property  that  ^^  if  q  be  any  quaternion ^  the  operator  of  q  (  )  q"^ 
turns  the  vector^  quaternion  or  system,  to  which  it  is  applied y  about  the  axis 
of  q  through  double  the  angle  of  q,'' 

If  a  be  the  vector  number  of  a  line  drawn  from  the  fixed  point  to  any 
point  of  the  body  in  its  initial  position,  and  m  be  the  vector  number  of 
the  same  line  at  time  /,  it  follows  at  once  that  u>  =  ^a^~S  where  q  is  some 
fimction  of  the  time. 

The  differentiation  of  ^i  as  to  the  time  gives 

Of  =s  y.  sqaq~^,  where  e  =  2  Vqq~^. 

This  shows  that  the  line  whose  number  is  t  is  the  axis  of  instantaneous 
rotation  and  that  Ts.dt  is  the  amount  of  instantaneous  rotation.  The 
expression  of  these  results  in  terms  of  any  coordinates  of  the  line  w  is 
now  simply  a  matter  of  substitution  of  the  resulting  value  of  q,  multiply- 
ing out,  and  equating  corresponding  coefficients  of  /,  /,  k.  The  formulas 
of  Rodrigues  and  Cayley  are  thus  found  by  simple  multiplication,  and 
similar  forms  in  other  coordinate  systems,  some  of  which  are  simpler 
than  those  of  Cayley. 

In  considering  the  motion  of  the  mass,  Lagrange's  general  equations 
of  motion  take  at  once  the  form  I  mVtou}  =  ^'s  where  m  is  the  element 
of  mass  to  which  to  refers,  and  4'  is  the  vector  couple  acting  at  time  /. 
This  gives  the  integral 

Im  Vtou)  ^sijli^dty  or  -mui  Feat  =  ^. 

When  no  forces  act,  ^^  is  a  constant  vector,  and  from  this  fact  follows 
at  once  Poinsot's  beautiful  construction  of  the  motion  by  the  rolling  of 
a  central  ellipsoid  fixed  in  the  body  on  an  invariable  plane.  Some  very 
simple  eliminations  give  the  above  equations  in  the  form 

2q  =  qip-'  (q-'r^) 

which  is  a  differential  equation  for  the  unknown  quaternion  q  that  fixes 
the  position  of  the  body  at  any  time  /.  ^  is  a  linear  vector  function 
depending  only  upon  the  initial  position  of  the  body  and  the  distribution 
of  mass  in  that  position,  and  y  is  the  supposedly  known  couple  acting  at 
time  /. 

Tait  says,  "It  is  hardly  conceivable  that  any  simpler  or  more  easily 
interpretable  equation  for  q  can  be  presented  until  symbols  are  devised 
fisu-  more  comprehensive  in  their  meaning  than  any  we  yet  have." 

The  strain  function  (p  is  shown  to  pertain  to  the  momental  ellipsoid  of 
the  body,  so  that  if  /,  /,  h  are  units  along  the  principal  axes  of  the  body 
in  its  initial  position,  and  A,  B,  C,  the  movements  of  inertia  about 
those  axes,  we  have 

^^  =  —  (AiSip  -f  BjSjp  -f  ChSkp). 
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The  article  continues  with  the  discussion  of  the  integration  of  the 
above  equation,  the  determination  of  the  equations  that  have  resulted 
from  the  labors  of  Euler  and  others,  and  various  new  equations,  the  solu- 
tion for  a  homogeneous  solid  of  revolution  about  a  fixed  point  in  its  axis 
not  the  center  of  gravity,  the  equations  of  precession  and  nutation,  etc. 

**  First  approximation  to  a  thermo-electric  diagram*'  is  the  culumina- 
tion  of  a  series  of  theoretical  and  experimental  papers  whose  results  have 
a  standard  value  in  the  subject.  The  principal  results  are  given  in  Max- 
well's Electricity  and  Magnetism,  Vol  I.,  Art.  254.  In  an  early  paper 
Tait  had  deduced  from  considerations  regarding  dissipation  of  energy 
that  what  Lord  Kelvin  calls  the  specific  heat  of  electricity  in  a  conduct- 
ing substance  should  be,  like  thermal  resistance,  directly  proportional  to 
the  absolute  temperature,  being  for  some  substances  negative.  With  a 
view  of  testing  this  theoretical  result  a  number  of  experiments  were  con- 
ducted for  the  determination  of  the  electro-motive  force  in  various  thermo- 
electric circuits  through  wide  ranges  of  temperature.  The  resulting 
curves  were  found  in  all  cases  to  be  excellent  parabolas.  This  accorded 
with  the  theoretical  conclusion  above,  which  makes  the  second  tempera- 
ture rate  of  change  of  electro-motive  force  a  constant.  The  paper  gives  a 
synopsis  of  investigations  and  experiments  that  led  up  to  this  result,  and 
devises  a  thermo-electric  diagram,  whose  abscissas  represent  the  absolute 
temperature  of  one  junction  of  two  metals,  the  other  being  maintained  at 
constant  temperature,  and  whose  ordinates  represent  the  temperature  rate 
of  change  of  the  electro -motive  force  at  the  given  temperature.  The  cor- 
responding curves  should  therefore  be  straight  lines,  but  in  order  to  com- 
pare all  substances  with  each  other,  they  are  taken  with  reference  to  a 
certain  substance  whose  specific  heat  of  electricity  is  zero,  and  which  is 
therefore  represented  by  the  axis  of  abscissas.  The  experiments  of  Le 
Roux  seem  to  show  that  lead  is  very  approximately  such  a  substance. 
The  lines  of  the  diagram  then  show  the  rate  of  charge  of  electro-motive 
force  of  the  various  substances  in  circuit  with  lead,  and  should  be  very 
approximately  straight  lines  of  positive  or  negative  slope  corresponding 
to  their  specific  heat  of  electricity  coefficient.  The  difference  between 
two  ordinates  at  any  temperature  is  then  the  rate  of  change  of  electro- 
motive force  in  a  circuit  between  them,  at  that  temperature.  The 
rectangle  of  this  difference  and  the  abscissa  of  absolute  temperature  is  the 
Peltier  effect  at  the  junction.  The  intersection  of  the  two  lines  is  there- 
fore at  the  temperature  of  the  so-called  neutral  point.  The  electro-motive 
force  between  two  metals  when  its  junctions  are  at  different  temperatures 
is  proportional  to  the  difference  of  the  areas  of  the  triangles  formed  by 
the  diagrammatic  lines  of  the  substances  and  the  ordinates  at  the  two 
temperatures. 

One  peculiarity  of  the  diagram  is  that  certain  metals,  for  example 
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nickel,  have  a  broken  diagram,  the  separated  portions  being  very  approx- 
imately straight  lines,  which  seems  to  show,  as  Tait  remarks,  that  some 
bodies  take  successively  different  states  at  certain  critical  temperatures, 
retaining  their  thermo-electric  properties  nearly  unchanged  from  one  of 
those  critical  points  to  another.  The  experiments  indicate  such  a  critical 
temperature  for  iron  at  a  low  red  heat,  and  Tait  calls  attention  to  the 
fiict  that  other  changes  may  be  expected  to  take  place  in  iron  at  this  tem- 
perature besides  the  above  thermo-electric  one,  and  the  sudden  change 
of  length  of  iron  wire  at  this  temperature  observed  by  Gore  and  the 
sudden  glow  observed  by  Barrett  that  occurs  simultaneously. 

It  would  give  me  pleasure  to  outline  many  papers  in  this  volume  and 
to  point  out  the  gain  in  brevity,  clearness,  and  simplicity  of  treatment 
that  results  from  the  use  of  the  quaternion  analysis,  but  I  have  already  re- 
produced enough  to  indicate  the  distinctive  features  of  the  volume,  and 
can  only  say  in  conclusion  that  I  hope  it  may  happen  to  others  as  it  has 
often  happened  to  myself,  that  the  quaternion  investigations  of  Professor 
Tait  have  been  a  revelation  as  to  the  true  meaning  of  the  physical  part  of 
the  subject.  Arthur  S.  Hathaway. 

Rose  Polytechnic  Institute,  Terre  Haute,  Ind. 

Physical  Problems  and  tlieir  Solutions.  By  A.  Bourgougnon.  Pp. 
iv-+-2  24.     New  York,  D.  Van  Nostrand  Company,  1897. 

This  is  a  collection  of  215  simple  problems  in  physics,  to  each  one  of 
which  the  numerical  solution  is  given  in  full  The  subjects  of  electricity 
and  magnetism  are  excluded  altogether,  so  far  as  problems  are  concerned ; 
there  being  merely  a  brief  statement  of  a  few  fundamental  laws,  such  as 
Coulomb's  law  and  Ohm's  law  at  the  end  of  the  volume.  British 
measures  and  the  metric  system  are  used  indiscriminately  throughout, 
a  bad  practice  for  which  the  author  may,  however,  find  his  warrant  in 
the  example  set  by  the  Regents  of  the  University  of  the  State  of  New 
York.  Some  of  the  problems  contained  in  this  volume  are  indeed  taken 
from  their  papers,  and  in  the  appendix  a  special  list  of  **  Regents'  ques- 
tions'' is  given.  E   L   N 

Ostwald's  Klassiker  der  Exakten  Wissenscliaften,  Nos.  61,  63,  72, 
75>  7^»  79>  ^o>  ^^>  ^2,  Zy  Leipzig,  Wilhelm  Engelmann,  1895  and 
1896. 

We  have  before  us  the  above  numbers  of  the  series  of  Ostwald's  reprints 
and  translations  of  the  classics  of  the  exact  sciences.  In  these  days  when 
every  scientific  man  reads  French,  German  and  English  with  equal  ease 
and  is  able  in  an  emergency  to  translate  for  himself  the  substance  of 
papers  published  in  Dutch,  Danish,  Swedish  and  Italian,  one  cannot  but 
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wonder  that  scientific  men  should  find  the  time  to  translate  into  a  single 
language  the  numerous  monographs  included  in  Ostwald's  series.  There 
is,  however,  no  one  of  the  treatises  included  in  the  list  before  us  which  is 
not  well  worth  being  reprinted  and,  for  that  matter,  of  being  translated 
into  German,  and  the  thanks  of  the  scientific  world  at  large  are  certainly, 
due  to  any  one  who  is  willing  to  undertake  the  task  of  collecting  and 
reissuing  so  large  a  number  of  valuable  papers  and  thereby  rendering 
them  more  accessible  than  they  have  been  in  the  past. 

E.  L.  N. 
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I.  INTRODUCTION. 

THE  purpose  of  this  article  is  to  describe  a  new  respiration  calo- 
rimeter and  certain  experiments  made  with  it  upon  the  con- 
servation of  energy  in  the  human  body.  The  apparatus  has  been  de- 
vised and  the  methods  of  experimenting  have  been  elaborated  for  use 
in  inquiries  upon  the  transformation  of  matter  and  energy  in  the  living 
organism.  This  especial  study  is  desirable  for  two  purposes.  One 
is  the  demonstration,  so  far  as  this  may  be  possible,  that  the  law  of 
the  conservation  of  energy  holds  in  the  living  organism.  The  other 
is  the  practical  application  of  this  law  in  gaining  more  definite  knowl- 
edge of  the  ways  in  which  the  body  is  nourished  and  of  the  values 
and  uses  of  food.  Preference  has  been  given  at  the  outset  to  the 
more  theoretical  problem  of  the  conservation  of  energy,  not  only 
because  of  its  profound  scientific  interest,  but  also  because  of  its 
fundamental  importance  in  the  study  of  the  laws  of  nutrition. 
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Development  of  the  Investigations. 

In  the  year  1892  the  first  steps  were  taken  by  the  wrhegs»^ ^u s n^ ^^^^     * 
Wesleyan  University,  toward  the  development  of  a  respiration  calo-  —- ^ 

rimeter.  The  investigation  was  conducted  under  the  patronage  of 
the  University,  and  in  connection  with  the  Storrs  Experiment 
Station,  of  which  Mr.  Atwater  is  director.  The  progress  of  the 
work  led  to  constantly  increasing  hopes  of  success,  but  at  the 
same  time  showed  more  and  more  clearly  the  need  of  consider- 
able amounts  of  labor  and  money  in  order  to  insure  results  at  all 
commensurate  with  the  importance  of  the  inquiry.  In  1894 
provision  was  made  by  Act  of  Congress  for  an  inquiry  into  the 
food  and  nutrition  of  the  people  of  the  United  States.  The  re- 
sponsibility for  the  inquiry  was  vested  in  the  Secretary  of  Agricul- 
ture by  whom  it  was  assigned  to  the  Director  of  the  Office  of 
Experiment  Stations,  and  the  immediate  charge  was  placed  in  the 
hands  of  the  Director  of  the  Storrs  Experiment  Station  as  Special 
Agent  of  the  Department  of  Agriculture.  It  was  considered  that  a 
research,  not  only  germane,  but  fundamental  to  such  an  inquiry 
might  be  appropriately  aided  from  this  fund,  though  the  amount 
which  could  be  utilized  for  this  purpose  was  small.  In  1895  the 
Legislature  of  Connecticut  provided  a  special  annual  appropriation 
to  be  expended  by  the  Storrs  Experiment  Station  for  food  inquiries. 
The  resources  of  the  Station  for  this  purpose  were  thus  increased, 
and  with  the  supplement  from  the  general  Government  and  with  the 
aid  from  Wesleyan  University  and  other  sources,  it  has  been  possi- 
ble greatly  to  enlarge  the  scope  of  this  special  investigation  and  to 
prosecute  the  work  in  a  manner  which  would  otherwise  have  been 
entirely  out  of  the  question. 

The  inquiry'  naturally  divides  itself  into  two  parts.  These  have  to 
do,  as  has  already  been  stated,  with  the  study  of  the  law  of  the 
conservation  of  energy  in  the  living  organism  on  the  one  hand,  and 
the  study  of  the  application  of  this  law  in  the  problems  of  animal 
nutrition  on  the  other.  That  part  of  the  inquiry  which  had  to  do 
with  the  establishment  of  the  law  of  conservation  of  energy  was  un- 
dertaken jointly  by  the  present  authors.  Mr.  Rosa  having  recently 
retired  from  the  investigation,  the  present  article  is  intended  to  give 
an  account  of  the  de\'elopment  of  tl:e  apparatus  and  methods  and 
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some  of  the  experiments  with  a  human  subject  up  to  the  time  of  his 
retirement.  We  wish  to  acknowledge  our  indebtedness  throughout 
the  entire  period  of  the  work  to  our  associates,  all  of  whom  have 
entered  into  the  work  with  enthusiasm.  Mr.  A.  W.  Smith,  who 
has  been  engaged  since  1894  in  the  physical  side  of  the  investiga- 
tion, has  rendered  invaluable  assistance  in  carrying  out  the  experi- 
ments here  described. 

To  Mr.  O.  S.  Blakeslee,  college  mechanician  of  Wesleyan  Uni- 
versity, we  desire  to  express  our  obligation  for  the  meter  pump, 
which  was  devised  and  made  by  him,  and  is  briefly  described  in 
the  following  pages,  and  also  for  much  valuable  assistance  in  the 
construction  of  the  apparatus. 

A  more  detailed  account  of  the  apparatus,  and  especially  of  the 
experiments  described  in  this  article  may  be  found  in  Bulletin  63  of 
the  Office  of  Experiment  Stations  of  the  United  States  Department 
of  Agriculture,  from  which  the  most  of  the  illustrations  of  this 
article  are  taken. 

Metabolism  of  Matter  and  Energy. 

In  so  far  as  its  material  phenomena  are  concerned,  life  consists  of 
transformations  of  matter  and  energy.  To  these  transformations 
the  term  metabolism  is  commonly  and  appropriately  applied.  The 
processes  of  metabolism  are  thus  of  two  definite  and  closely  allied 
kinds,  the  metabolism  of  matter,  in  which  the  changes  are  chemical, 
and  that  of  energy,  in  which  the  changes  are  physical.  It  is  com- 
monly assumed  that  these  two  classes  of  change  in  living  organisms, 
animal  and  vegetable,  conform  to  the  two  fundamental  laws  of  the 
conservation  of  matter  and  the  conservation  of  energy. 

The  main  difficulty  in  demonstrating  that  the  law  of  the  conser- 
vation of  energy  holds  in  the  living  body  is  in  measuring  the  trans- 
formations of  energy  which  take  place  therein.  To  do  this  we  must 
know  how  much  energy  the  body  receives,  how  much  it  gives  out 
and  how  much  it  gains  or  loses  of  its  accumulated  store  during  a 
given  time.  In  an  experiment  with  a  man,  for  instance,  if  we  wish 
to  demonstrate  that  the  law  of  the  conservation  of  energy  obtains 
we  must  show  that  the  income  and  outgo  are  equal.  To  show  this 
equilibrium  of  energy  we  must  determine  the  following  quantities : 
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(i)  the  amount  of  potential  energy  the  body  receives  as  income  in 
the  food ;  (2)  the  energy  it  gives  off  (d)  as  potential  energy  in  the 
unbumed  material  which  it  excretes  (in  urine,  feces,  etc.),  (p)  as 
kinetic  energy  in  the  heat  radiated  from  the  body,  and  (r)  as  exter- 
nal muscular  work  done ;  and,  finally,  (3)  the  increase  or  decrease 
in  the  store  of  energy  in  the  body  during  the  experiment.  If  the 
body  is  warmer,  or  if  it  has  a  larger  store  of  proteids  or  fat  or 
glycogen  or  other  substance  containing  potential  energy  at  the  end 
than  at  the  beginning  it  has  stored  energy  during  the  period.  If, 
on  the  other  hand,  it  is  colder,  or  its  store  of  substance  containing 
potential  energy  is  less  at  the  end  of  the  experiment  than  at  the 
beginning,  it  has  lost  energy.  This  gain  or  loss  of  energy  by  the 
body  itself,  the  increase  or  diminution  of  its  store  during  the  experi- 
mental period,  must  be  taken  into  account  if  the  experiment  is  to  be 
accurate  and  reliable.  Its  exact  quantitative  determination  is  one  of 
the  most  serious  difficulties  in  such  experiments. 

In  view  of  what  was  said  above  it  might  seem  bold  to  attempt 
experiments  with  animals,  or  even  with  a  man,  in  the  expectation 
that  any  convincing  proof  of  the  application  of  this  law  could  be 
obtained,  and  it  might  seem  still  more  hazardous  to  assume  that 
apparatus  and  methods  of  experimenting  could  be  devised  which 
should  make  it  possible  not  only  to  demonstrate  the  law  but  to 
utilize  it  in  general  experiments  upon  the  laws  of  nutrition.  The 
task  would  not  have  been  assumed  in  the  present  instance  had  not 
an  attempt  at  least  seemed  warranted  by  a  somewhat  unusual  com- 
bination of  circumstances  through  which  appliances  and  funds  were 
available  from  several  distinct  sources,  as  already  indicated.  Nor  is 
it  at  all  surprising  that,  even  with  the  unusual  facilities  thus  brought 
together,  a  period  of  more  than  five  years  should  have  elapsed  be- 
tween the  beginning  of  the  actual  work  and  the  time  when  the  first 
results  were  ripe  for  publication.  It  is  not  claimed  that  the  results 
here  reported  suffice  for  a  perfectly  satisfactory  verification  of  the 
law  referred  to.  They  are,  however,  in  the  judgment  of  the  authors 
an  important  step  in  that  direction. 
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II.   APPARATUS   AND    METHODS. 
Outline  of  Apparatus  and  Plan  of   Experiments. 

The  name  "  respiration  calorimeter  "  is  suggested  by  the  fact  that 
it  is  essentially  a  respiration  apparatus  with  appliances  for  calori- 
metric  measurements.  As  a  respiration  apparatus  it  is  similar  in 
principle  to  that  of  Pettenkofer.  As  an  instrument  for  measuring 
heat  it  is  a  constant  temperature  calorimeter,  the  heat  being  absorbed 
and  carried  away  by  a  current  of  water  as  rapidly  as  it  is  generated 
in  the  chamber.  The  arrangements  for  the  measurement  of  both 
the  respiratory  products  and  the  heat  given  off  from  the  body  differ 
in  important  respects  from  those  of  any  other  apparatus  with  which 
we  are  familiar. 

The  essential  features  of  the  apparatus  are : 

1.  A  chamber  in  which  the  subject  of  the  experiment  lives,  eats, 
drinks,  sleeps  and  works  during  a  period  of  several  days  and  nights. 
The  chamber  is  furnished  with  a  folding  chair,  table  and  bed. 

2.  Arrangements  for  ventilation  by  a  current  of  air  which  is 
drawn  from  out  of  doors,  and  passes  through  the  chamber.  The 
volume  of  this  air  current  is  measured  and  its  temperature  is  so 
regulated  as  to  be  the  same  on  entering  the  chamber  as  upon  leaving. 
Samples  for  analysis  taken  before  it  enters  and  after  it  leaves  the 
chamber  give  data  showing  the  amount  of  carbon  dioxide  and 
water  given  off  from  the  body  through  the  lungs  and  skin. 

3.  Arrangements  for  passing  food  and  drink  into  the  chamber 
and  removing  the  solid  and  liquid  excreta.  These  materials  are 
analyzed  and  give  data  for  calculating  the  income  and  outgo  of 
nitrogen ;  and  also  of  sulphur,  phosphorus,  chlorine  and  metallic 
elements  if  these  are  determined.  Taken  in  connection  with  the 
determinations  of  carbon  dioxide  and  water  in  the  respiratory  prod- 
ucts, they  show  the  income  and  outgo  of  carbon  and  hydrogen. 
The  analysis  of  the  food,  and  solid  and  liquid  excreta  enable  us  also 
to  determine  the  so-called  digestibility  of  the  food,  /.  e,,  the  propor- 
tions of  nutrients  actually  made  available. 

4.  Arrangements  for  measuring  the  heat  given  off  from  the  body 
of  the  man  in  the  chamber  and  the  heat  equivalent  of  the  external, 
muscular  work.     The  heat  given  off  is  carried  away  by  a  current  01 
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cold  water  which  passes  through  a  series  of  pipes  inside  the  cham- 
ber. By  regulating  the  temperature  of  this  water  current  as  it 
enters,  and  also  its  rate  of  flow,  it  is  possible  to  carry  away  the  heat 
just  as  &st  as  it  is  generated,  and  thus  maintain  a  constant  temper- 
ature inside  the  chamber.  The  mass  of  the  water  and  its  increase 
of  temperature  are  measured,  thus  determining  the  quantity'  of  heat 
carried  away. 

In  order  that  the  heat  taken  up  by  the  absorbers  and  carried  out 
by  the  water  current  shall  represent  exactly  the  amount  given  off" 
from  the  man's  body  or  otherwise  produced  in  the  chamber,  it  is 
necessary  to  provide  that  there  shall  be  no  passage  of  heat  through 
the  walls,  or  rather  that  the  small  quantities  that  may  pass  in  and 
out  shall  exactly  counterbalance  each  other.  Furthermore  the 
ventilating  current  of  air  should  leave  the  chamber  at  the  same  tem- 
perature as  it  enters,  so  that  it  shall  carry  out  neither  more  nor  less 
heat  than  it  brings  in,  except  that  due  to  the  greater  quantity  of 
water  vapor  in  the  air  leaving  the  chamber  over  that  in  the  air 
entering.  This  excess  of  water  vapor  is  derived  from  the  body  of 
the  subject,  and  the  heat  required  to  vaporize  it  must  be  added  to  the 
heat  carried  away  by  the  current  of  water  to  obtain  a  measure  of 
the  total  heat  given  off"  by  the  subject. 

In  the  actual  experiments  the  man  remains  for  several  days  and 
nights  (generally  four  days  and  five  nights)  in  the  chamber.  The 
food  and  drink  are  passed  in  and  the  feces  and  urine  removed  at 
regular  intervals.  The  diet  is  decided  by  the  special  question  which 
is  being  studied,  but  is  made  agreeable  to  the  subject  of  the  ex- 
periment. 

In  some  of  the  experiments  the  man  had  as  little  muscular  exer- 
cise as  practicable.  In  these  so-called  *'  rest  experiments  **  no  at- 
tempt was  made  to  measure  the  muscular  work.  In  others,  so- 
called  *'  work  experiments,**  the  amount  of  work  done  was  measured 
by  a  specially  devised  ergometer,  consisting  of  a  stationary  bicycle 
which  was  belted  to  a  small  dynamo.  The  electric  current  gener- 
ated passed  through  an  incandescent  lamp  inside  the  chamber  where 
its  energy  was  transformed  into  heat,  the  strength  of  the  current 
and  its  voltage  being  determined  by  instruments  outside  the  calo- 
rimeter.    The  heat  derived  from  the  muscular  work  done  was  thus 
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added  to,  and  measured  with,  the  heat  given  off  from  the  body. 
The  duration  of  the  work  and  the  amount  of  the  electric  energy 
generated  gave  data  for  the  computation  of  the  amount  of  muscular 
work  performed. 

The  men  who  have  served  as  subjects  of  the  experiments  have 
not  found  their  sojourn  in  the  chamber  either  inconvenient  or  dis- 
agreeable. The  experiments  are,  however,  very  laborious,  and  re- 
quire not  only  the  services  of  trained  observers  day  and  night  for 
the  chemical  and  physical  determinations,  but  also  a  considerable 
amount  of  painstaking  work  in  preparing  the  food  and  attending  to 
the  numerous  details,  before,  during  and  after  the  experiment. 

Arrangements  of  the  Apparatus. 
A  general  idea  of  the  apparatus  can  be  had  from  Fig.  i,  taken 
from  a  photograph.  This  gives  a  general  view  of  the  principal 
parts  of  the  apparatus,  which  stands  in  a  basement  room  of  the 
Orange  Judd  Hall  of  Natural  Science,  at  Wesleyan  University.  In 
the  center  is  the  large  chamber,  which  is  surrounded  by  a  sheathing 
of  wood.  At  the  end  of  the  chamber,  on  the  right,  is  shown  a  door, 
which  serves  also  as  a  window.  At  the  right  of  the  window  and  just 
below  it  are  the  arrangements  for  cooling  and  measuring  the  current 
of  water  which  brings  away  the  heat  from  the  interior  of  the  cham- 
ber. At  the  left,  in  front  of  the  large  brick  pillar,  is  a  table  at  which 
an  observer  sits  to  record  the  temperature  of  the  interior  of  the  ap- 
paratus and  of  the  currents  of  air  and  water,  the  temperature  being 
measured  electrically.  Behind  the  brick  pillar  is  an  ammonia  re- 
frigerating machine,  not  shown  in  the  picture.  Its  purpose  is  to 
cool  the  solution  of  calcium  chlorid  which  is  contained  in  a  large 
tank  in  the  center  foreground.  This  tank  (Fig.  11)  is  inclosed 
within  a  double-walled  wooden  casing.  The  liquid  ammonia  is 
evaporated  in  the  coiled  iron  pipe,  shown  in  Fig.  11.  The  ventilat- 
ing current  of  air,  before  it  enters  the  chamber,  is  passed  through 
the  copper  condenser.  A,  which  is  immersed  in  the  calcium  chlorid 
solution  in  the  right-hand  comer  of  this  tank,  and  thus  cooled  to  a 
temperature  of  from  — 19^  to  —20°  C.  At  this  very  low  tempera- 
ture nearly  all  of  the  water  is  removed  from  the  air,  so  that  it  enters 
the  chamber  quite  dry.     Just  before  entering  at  the  right  of  the 
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glass  door  it  is  warmed  to  the  temperature  of  the  interior  of  the 
chamber.  On  coming  out  it  passes  through  a  second  condenser, 
consisting  of  a  pair  of  copper  cylinders,  B^  Q  in  the  cold  brine  in 
the  tank,  and  thus  the  larger  part  of  the  water  which  has  been  im- 
parted to  it  by  the  respiration  of  the  man  inside  the  chamber  is 
frozen  and  deposited.  By  means  of  valves  contained  in  the  valve 
boxes  above  the  cylinders  the  air  current  may  be  diverted  to  a  sec- 
ond pair  of  cooling  cylinders,  D,  E,  The  first  pair  may  then  be 
removed  and  the  deposited  water  determined  by  the  increase  in 
weight.  ' 

The  window  of  the  respiration  chamber  opens  toward  the  east, 
so  that  the  interior  of  the  chamber  is  lighted  from  the  two  windows 
in  the  northeast  comer  of  the  room.  At  the  west  end  of  the  room 
stands  a  2-horsepower  electric  motor,  belted  to  the  driving  pulley 
of  a  line  shaft  extending  the  entire  length  of  the  room.  From  this 
shaft  power  is  taken  to  drive  the  ammonia  refrigerating  machine, 
the  fans  contained  in  the  two  fan  boxes  which  circulate  the  air  in 
the  space  surrounding  the  respiration  chamber,  and  the  meter  pump 
which  propels  and  measures  the  ventilating  air  current.  A  com- 
pression air  pump  is  also  driven  from  the  shaft.  This  provides  the 
compressed  air  which  operates  the  valves  of  the  meter  pump.  The 
air  current  passes  from  out  of  doors  through  a  three-inch  pipe  into 
the  refrigerating  tank  where  the  greater  portion  of  its  moisture  is 
deposited,  and  thence  to  the  respiration  chamber  (Fig.  5),  after  being 
warmed  to  the  temperature  of  the  latter.  From  the  respiration 
chamber  the  air  passes  through  the  return  pipe  P^  (Fig.  1 1)  to  the 
refrigerating  tank,  where  its  moisture  is  again  deposited  for  the  most 
part,  and  thence  to  the  meter  pump  through  P^.  Here  the  pump 
automatically  records  the  volume  of  air  and  delivers  every  fiftieth 
cylinderful  to  the  pans  for  analysis  for  carbon  dioxid  and  residual 
moisture.  Samples  for  analysis  of  the  dried  air  of  the  pipes  P.^, 
P^  are  drawn  through  quarter-inch  brass  pipes  by  the  aspirators  lo- 
cated at  the  south  side  of  the  room ;  and  through  similar  pipes 
other  samples  are  drawn  off  by  aspirators  in  an  adjoining  room  for 
duplicate  analyses.  The  details  of  these  operations  will  be  given 
further  on.  On  the  north  side  of  the  pier  near  the  middle  of  the 
room,  and  attached  to  the  pier,  is  the  galvanometer,  used  for  meas- 
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uring  electrically  temperatures  and  diflferences  of  temperature  ;  and 
on  the  observer's  table  are  located  Wheatstone  bridges,  keys  and 
resistances  used  in  the  measurement  and  regulation  of  temper- 
atures, as  hereafter  described.  Tables  and  other  appliances  afford 
facilities  for  part  of  the  chemical  work  done  in  connection  with  the 
experiment,  but  most  of  the  chemical  work  is  done  in  other  portions 
of  the  building. 

Arrangements  for  Preventing  a  Gain  or   Loss  of  Heat 
Through  the  Walls  of  the  Calorimeter. 

/.   Constrtiction  of  t/ie  Calorimeter, 

The  construction  of  the  calorimeter  is  shown  in  horizontal  sec- 
tion in  Fig.  2.  The  inner  chamber  is  practically  an  apartment  with 
double  walls  of  metal.  The  inner  of  the  two  metal  walls  is  of 
sheet  copper,  and  incloses  a  space  2.15  meters  (7  feet)  long,  1.92 
meters  (6  feet  4  inches)  high,  and  1.22  meters  (4  feet)  wide,  the 
comers  being  rounded.  Copper  was  chosen  because  it  can  be  ob- 
tained in  large  sheets,  can  take  a  high  polish  and  so  the  more  fully 
reflect  radiant  energy,  is  a  good  conductor  of  heat  and  thereby 
tends  to  equalize  local  differences  of  temperature,  and  has  a  rather 
small  specific  heat.  A  window  in  one  end,  70  centimeters  high  by 
49  centimeters  wide,  serves  also  the  purpose  of  a  door.  During 
an  experiment,  however,  the  door  is  sealed  and  a  circular  opening, 
E,  which  has  tightly  fitting  caps  a,  b,  both  inside  and  outside,  is 
used  for  communication  with  the  interior.  Outside  is  a  box,  c, 
filled  with  non-conducting  material  to  prevent  the  passage  of  heat 
through  E,  The  seams  are  soldered  and  the  chamber  is  air-tight 
when  the  door  and  other  openings  are  sealed.  The  outer  metal 
wall  is  of  zinc,  which  is  less  expensive  than  copper,  and  serves  the 
purpose  sufficiently  well.  Between  the  two  walls  is  an  air  space, 
A,  of  7.6  centimeters  (3  inches).  In  this  stands  a  wooden  frame- 
work to  which  the  two  metal  walls  are  securely  attached. 

In  order  to  protect  the  calorimeter  from  the  fluctuations  of  tem- 
perature of  the  basement  room  in  which  it  stands  it  is  enclosed 
within  three  concentric  walls  of  wood.  Through  each  of  these  is 
an  opening  corresponding  to  the  window  in  the  wall  of  the  calo- 
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rimeter  proper.  These  openings  are  closed  by  tightly  fitting  glass 
doors,  hung  on  hinges. 

Near  these  doors  are  shown  the  pipes  through  which  the  water 
enters  and  leaves  the  calorimeter.  Its  temperature  on  entering  is 
measured  by  the  mercury  thermometer,  G ;  and  as  it  leaves,  by  a 
similar  thermometer,  //.  Between  the  zinc  wall  and  the  innermost 
wooden  wall  is  a  5 -centimeter  (2-inch)  air  space,  B ;  between  this 
wall  and  the  next  is  a  third  air  space,  C,  of  5  centimeters  (2  inches); 
and,  finally,  between  this  wall  and  the  outer  one  is  a  fourth  air  space, 
D,  of  5  centimeters  (2  inches).  The  wooden  walls  are  made  of 
matched  pine,  covered  with  building  paper,  and  the  outer  one  is 
double,  with  paper  between.  Of  these  four  air  spaces  A  and  C 
are  "  dead  "  air  spaces,  while  the  air  in  the  spaces  B  and  D  can  be 
kept  in  constant  circulation  by  means  of  rotary  fans  driven  by 
power.  Each  of  the  air  spaces  B  and  D  is  continuous  around  the 
sides  and  over  the  top  and  bottom,  and  each  communicates  with  its 
fan  box  in  the  rear  by  means  of  one  passage  extending  from  the 
top  of  the  air  space  to  the  top  of  its  fan  box,  and  another  from  the 
bottom  of  the  air  space  to  the  bottom  of  its  fan  box.  Thus  the 
air  may  be  kept  in  constant  circulation  through  these  two  air  spaces 
and  by  heating  or  cooling  this  moving  air  the  temperature  of  the 
corresponding  space  may  be  raised  or  lowered.  We  may  also  look 
upon  the  moving  strata  of  air  as  shields,  guarding  the  interior  space 
occupied  by  the  calprimeter  from  changes  in  temperature  without. 
The  walls  at  the  top  and  bottom  are  constructed  like  those  of  the 
sides,  but  contain  two  flues  for  the  regulating  air  currents.  The 
air  from  the  space  B  is  drawn  into  the  upper  part  of  the  bottom 
flue,  and  by  means  of  the  inner  fan  is  driven  into  the  lower  part  of 
the  flue  at  the  top.  Openings  along  this  flue  allow  the  air  to  flow 
out  over  the  top  of  the  calorimeter,  and  thence  down  around  the 
four  sides  to  the  bottom  and  so  back  to  the  fan  again. 

Similarly  the  air  in  the  space  D  is  kept  in  circulation  by  the  fan  in 
the  outer  fan  box.  The  circulation  in  this  space  is  in  the  opposite 
direction  from  that  in  B ;  that  is,  the  air  is  taken  from  the  top  and 
driven  in  at  the  bottom.  As  the  upper  part  of  the  room  is  usually 
much  warmer  than  the  floor,  this  arrangement  for  the  outer  circu- 
lating air  tends  to  equalize  the  difference  of  temperature  by  drawing 
off"  the  hot  air  from  the  top  and  driving  it  in  at  the  bottom. 
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2.   The  Thermo-electric  Elements, 

In  order  to  determine  whether  the  inner  or  outer  metal  wall  of 
the  calorimeter  is  the  warmer — that  is,  in  order  to  know  whether  to 
heat  or  to  cool  the  air  space  B — we  use  a  large  number  of  pairs 
(304)  of  thermo-electric  junctions,  distributed  over  the  four  sides, 
top  and  bottom  of  the  calorimeter,  one-half  of  the  junctions  (the 
iron-German-silver)  being  in  close  thermal  contact  with  the  copper 
wall  and  the  other  half  (the  German-silver-iron)  with  the  zinc  wall. 
One  of  these  elements  is  shown  in  Fig.  3,  where  Cj  is  a  blank  cop- 
per cartridge  shell  or  cap,  soldered  to  the  copper  wall,  and  main- 
taining the  inclosed  thermo-electric  junction  at  the  same  temperature 
as  the  copper  wall,  and  C^  is  a  similar  cap  soldered  to  the  zinc  wall. 
There  being  copper  leads  connecting  the  several  pairs,  there  are  two 
junctions  (copper-iron  and  German-silver-copper)  in  the  outer  cap ; 
but  these  are  thermo-electrically  equivalent  to  the  Gemian-silver- 
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Fig.  3 
Thermo-electric  junctions.  C^  and  Q  are  ordinary  copper  cartridge  shells  soldered  to 
ihe  copper  and  zinc  walls  respectively,  and  containing  the  junctions  of  the  thermo-electric 
elements.  Only  one  pair  of  junctions  is  shown  in  the  figure,  but  there  are  really  four 
such  pairs  in  each  group.  The  junctions  are  electrically  insulated  from  the  walls  of  the 
calorimeter,  but  in  the  best  possible  thermal  contact. 

iron  junction.  In  reality  there  are  four  pairs  of  junctions  in  each 
group  instead  of  a  single  pair  as  shown  in  the  figure.  These 
thermo-electric  elements  are  madeof  silk-covered  iron  and  German- 
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silver  wire  No.  20.  They  are  all  in  series,  and  are  joined  to  a 
sensitive  D'Arsonval  galvanometer.  The  galvanometer  is  quick 
and  deadbeat,  and  readings  may  be  taken  rapidly.  If  the  copper 
wall  is  on  the  whole  warmer  than  the  zinc,  the  electromotive  forces 
due  to  the  junctions  in  contact  with  it  overpower  those  due  to  the 
junctions  in  contact  with  the  zinc  wall  and  a  current  flows  through 
the  galvanometer,  proportional  in  amount  to  the  difference  of  tem- 
perature of  the  walls,  and  produces  a  deflection  to  the  right.  It  is 
then  necessary  to  warm  the  space  -ff,  which  raises  the  temperature 
of  the  zinc  wall,  and  the  deflection  will  be  reduced.  If  the  deflec- 
tion is  to  the  left,  the  space  B  is  cooled  until  the  deflection  is  zero. 
A  deflection  of  i  division  on  the  scale  represents  a  difference  in 
temperature  between  copper  and  zinc  of  about  o.cX)7°  C.  An  ex- 
perienced observer  can  ordinarily  keep  the  deflection  within  one  or 
two  divisions,  and  by  taking  frequent  readings  at  regular  intervals 
the  -h  and  —  deflections  are  separately  summed  up  and  made  to 
cancel  each  other  as  the  experiment  proceeds,  and  hence  no  **  cool- 
ing correction  "  is  necessary. 

Of  course  the  deflection  of  the  galvanometer  is  due  to  the  alge- 
braic sum  of  all  the  electromotive  forces  at  the  304  pairs  of  elements. 
At  some  places  the  copper  may  be  warmer  and  at  other  places 
colder  than  the  zinc,  and  the  galvanometer  indicates  the  average 
difference.  In  order  that  this  average  may  be  the  more  reliable  the 
elements  have  been  spaced  as  nearly  uniformly  as  possible  over  the 
entire  surface.  There  are  76  groups  of  elements  of  4  pairs  each  : 
Of  these  76  groups  11  are  on  the  top,  11  on  the  bottom,  22  on  the 
upper  part  of  the  four  sides  (over  two-fifths  of  the  whole  area), 
and  32  on  the  lower  part  of  the  four  sides  (covering  the  re- 
maining three-fifths  of  the  area).  Thus  the  elements  are  joined 
up  in  four  sections,  designated  respectively  as  top,  upper,  lower, 
and  bottom,  and  each  section  can  be  joined  to  the  galvanometer 
separately.  In  practice,  therefore,  we  can  determine  whether 
to  heat  or  cool  any  of  the  four  sections,  top,  upper,  lower  or 
bottom,  in  order  that  the  deflection  shall  always  be  small  for 
each  section,  and  that  the  total  deflection  for  all  shall  be  zero. 
This  secures  a  more  perfect  balance  than  could  be  had  if  only  the 
total  deflection  were  zero  ;  for  then  an  appreciable  quantity  of  heat 
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might  be  flowing  in  at  the  top  and  out  at  the  bottom  and  the  two 
quantities  not  exactly  balancing  each  other. 

There  are  26  pairs  of  thermo-electric  elements  set  in  the  wooden 
wall  between  the  air  spaces  B  and  D,  one  set  of  junctions  extend- 
ing into  the  air  space  B  and  the  other  into  D,  These  elements 
indicate  the  difference  of  temperature  between  B  and  Z>,  and  indi- 
cate when  D  must  be  heated  or  cooled  to  keep  it  nearly  at  the 
temperature  of  B, 

3.  Heating  and  Cooling  Appliances. 

In  order  to  be  able  to  heat  or  to  cool  any  of  the  four  sections  of 
the  air  space  B  separately,  a  system  of  German-silver  wires  for  heat- 
ing and  of  iron  pipes  for  cooling  are  arranged  in  this  space,  between 
the  inner  wooden  wall  and  the  zinc  wall.  German-silver  wire  No. 
30  was  stretched  horizontally  around  the  calorimeter,  being  sup- 
ported and  insulated  by  passing  it  through  glass  tubes  set  into  ver- 
tical wooden  strips  which  are  attached  to  the  zinc  wall.  The  wire 
was  divided  into  four  sections  corresponding  to  the  four  sections  of 
the  thermo-electric  elements  and  the  ends  brought  out  so  that  an 
electric  current  could  be  passed  through  any  of  them  at  will,  the 
strength  of  the  current  being  regulated  by  variable  resistances.  In 
a  similar  manner  ^^-inch  (6-millimeter)  iron  pipes  are  arranged  in 
four  sections  so  that  by  opening  a  valve  water  from  the  city  service 
can  be  passed  through  any  of  the  pipes,  to  cool  the  surrounding 
space ;  when  the  water  is  shut  off",  a  vent  in  each  of  the  valves  allows 
the  pipes  to  drain.  When  only  slight  cooling  is  needed,  the  water 
may  be  allowed  to  flow  only  a  few  seconds  at  a  time.  In  this  man- 
ner the  temperature  of  the  air  space  can  be  perfectly  controlled,  and 
when  the  temperature  within  the  calorimeter  remains  constant,  as 
when  heat  is  being  generated  at  a  uniform  rate,  the  deflection  can 
usually  be  kept  within  i  division,  which  means  an  average  differ- 
ence of  temperature  between  copper  and  zinc  of  less  than  0.0 i°C. 

Inasmuch  as  the  temperature  of  the  room  is  always  lower  near 
the  floor  than  near  the  ceiling,  the  air  circulating  through  the  space 
D  is  warmed  by  passing  over  electric  lamps  or  through  a  pipe 
heated  by  a*  Bunsen  burner  and  made  to  enter  at  the  bottom  of  the 
calorimeter.     This  tends  to  equalize  the  temperature  between  the 
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top  and  the  bottom,  and  guided  by  the  indications  of  the  second 
set  of  thermo-electric  junctions,  the  air  in  D  is  kept  nearly  at  the 
temperature  of  that  in  B,  Thus  the  space  B  is  perfectly  protected 
from  changes  of  temperature  without,  and  it  is  possible  to  keep  its 
temperature  almost  the  same  as  that  within  the  chamber. 

4.   The  Observer's  Table, 

The  terminals  of  the  thermo-electric  circuits  and  of  the  galvanom- 
eter are  brought  to  the  observer's  table  (Fig.  4).  The  galvanometer 
stands  on  a  shelf  attached  to  a  brick  pier,  about  2  meters  beyond 
the  table,  and  the  galvanometer  scale  is  directly  over  the  table, 
being  also  attached  to  the  pier.  A  4-point  switch,  N,  joins  the  gal- 
vanometer to  the  several  thermo-electric  circuits  in  succession.  If 
the  key  is  on  the  first  point,  the  thermo-electric  circuit  of  the 
copper-zinc  walls,  designated  as  No.  i,  is  joined  to  the  galvanom- 
eter, and  the  deflection  indicates  their  difference  in  temperature,  as 
already  explained.  An  auxiliary  switch,  M,  throws  into  the  circuit 
any  of  the  four  sections  separately,  or  all  together  when  desired. 

The  26  pairs  of  thermo-electric  elements,  designated  as  circuit 
No.  2,  set  in  the  wooden  wall  between  the  spaces  B  and  Z>,  are 
joined  in  series,  and  the  terminals  are  brought  out  to  the  switch  TV, 
and  joined  to  the  galvanometer  when  the  key  is  on  the  second  con- 
tact. The  galvanometer  then  indicates  whether  the  space  D  is 
warmer  or  colder  than  B,  and  thus  shows  whether  to  heat  or  to  cool 
the  air  flowing  through  it.  If  the  temperature  of  the  room  is  not 
very  different  from  that  of  the  calorimeter  it  is  not  necessary  to  heat 
or  cool  the  air  in  D,  But  if  the  room  is  much  colder  than  the 
respiration  chamber,  as  is  often  the  case  at  night  when  there  is  no 
steam  in  the  radiators  in  the  room,  then  by  heating  the  air  of  D 
before  it  enters  at  the  bottom  it  protects  the  space  B  from  outside 
influence.  The  temperature  of  the  room  not  infrequently  falls  in 
winter  to  15°  or  I3°C.,  while  that  of  the  respiration  chamber  is 
maintained  constant,  usually  at  about  22° C. 

When  the  key  is  on  the  third  contact  the  galvanometer  is  short- 
circuited,  and  when  on  the  fourth  the  thermo-electric  junctions, 
designated  as  circuit  No.  4,  in  the  ventilating  air  current,  hereafter 
to  be  described,  are  joined  to  the  galvanometer. 
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Fig.  4. 

Diagram  of  electric  apparatus  at  the  observer's  table.  Bridge  No.  5  is  a  special 
Wheatfftone  bridge  used  in  measuring  the  temperature  of  the  respiration  chamber.  Bridge 
No.  6  is  used  to  measure  the  difference  of  temperature  of  the  ingoing  and  outcoming 
water.  R,  S  are  two  electric  keys.  L^  L  is  a  bank  of  incandescent  electric  lamps 
used  as  variable  resistance.     J/,  N  are  two  multiple  switches. 
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A  bank  of  incandescent  lamps,  LL,  is  divided  into  five  groups  of 
7  lamps  each.  Each  of  four  groups  is  in  series  with  one  section  of 
the  German-silver  heating  coils  already  referred  to,  and  which  are 
wound  around  the  calorimeter  in  the  air  space  B,  For  example, 
the  first  section  is  in  series  with  that  section  of  the  coil  distributed 
over  the  top  of  the  calorimeter,  and  the  current  is  regulated  by 
varying  the  number  of  lamps  in  series.  Any  one  or  more  lamps 
can  be  cut  out  of  circuit  by  a  short-circuiting  key.  The  lamps 
have  different  resistances,  and  by  suitable  combinations  any  desired 
current  may  be  obtained,  the  source  of  current  being  the  220-volt- 
power  circuit  from  which  the  electric  motor  is  driven. 

The  fifth  section  of  lamps  is  in  series  with  an  incandescent  lamp 
placed  in  the  pipe  through  which  the  ventilating  current  of  air 
enters  the  respiration  chamber,  and  by  regulating  the  current 
through  it,  the  temperature  of  the  air  as  it  enters  is  maintained  the 
same  as  that  of  the  air  leaving. 

Bridge  No.  6  is  a  Wheatstone  bridge,  by  means  of  which  the  dif- 
ference of  temperature  of  the  stream  of  water  as  it  enters  and  leaves 
the  calorimeter  is  measured,  and  bridge  No.  5  is  a  similar  Wheat- 
stone  bridge  for  determining  the  temperature  of  the  respiration 
chamber.     These  bridges  will  be  described  later. 

Apparatus  and  Method  for  Measuring  the  Heat. 

I.    The  Water  System. 

Having  arranged  the  calorimeter  so  that  no  heat  can  escape  or 
enter  through  its  walls,  it  remains  to  carry  away  and  measure  the 
heat  generated.  This  is  done  by  a  stream  of  water  flowing  through 
a  copper  **  absorber  *'  {HH,  Fig.  5).  A  copper  pipe  of  6  millimeters 
(^  inch)  bore  was  bent  into  a  rectangle  90  centimeters  by  182 
centimeters  (3  feet  by  6  feet).  In  order  to  increase  the  absorbing 
area  of  the  pipe,  one  thousand  disks,  //,  5  centimeters  (2  inches)  in 
diameter  and  with  a  i  centimeter  (33  inch)  hole  in  the  center, 
stamped  out  of  sheet  copper,  were  slipped  over  the  pipe  like  beads 
on  a  string,  and  soldered  6  millimeters  {]^  inch)  apart.  The 
pipe  and  disks  were  then  painted  black.  This  absorber  is  suspended 
about  25  centimeters  (10  inches)  below  the  ceiling  of  the  calorimeter. 


Digitized  by 


GoogI( 


No.  3.] 


RESPIRATION  CALORIMETER. 


147 


and   15   centimeters  (6  inches)  from  the  sides  and  ends.     Water 
enters  the  calorimeter  from  the  coolers  through  a  pipe,  E  (Figs.  5 


Fig.  5. 
Interior  of  respiration  chamber.  This  is  the  view  which  would  be  secured  by  break- 
ing away  a  portion  of  one  side  and  end  of  the  interior  copper  wall  of  the  respiration 
chamber.  ITie  ventilating  air  enters  the  chamber  through  the  bottom  of  /F,  leaving  from 
the  rear  of  the  chamber  through  the  long  tube  connected  with  the  upper  end  of  IV. 
The  copper  tubes  H,  N,  strung  with  copper  disks,  /,  /,  constitute  the  absorbers  through 
which  flows  the  water  current  which  carries  away  the  heat  generated  in  the  chamber,  y, 
yare  the  copper  troughs  for  collecting  the  drip  from  the  absorbers.  M,  Af,  M  are  the 
electrical  thermometers  which  show  the  temperature  of  the  air  in  the  chamber ;  A\  A% 
those  which  show  the  temperature  of  the  copper  wall. 

and  6),  containing  a  mercury  thermometer,  G,  and  after  flowing 
through  the  absorber  leaves  through  a  second  pipe,  /%  near  to  and 
parallel  with  the  first,  containing  a  second  thermometer,  H,  These 
two  water  pipes  pass  through  holes  in  a  cylindrical  block  of  wood. 
The  bulbs  of  the  thermometers  are  at  points,  g,  h,  midway  between 
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the  zinc  and  the  copper  walls.  Hence  one  gives  the  temperature 
of  the  water  just  as  it  enters  the  respiration  chamber  and  the  other 
its  temperature  as  it  leaves.  The  thermometers  are  60  centimeters 
(24  inches)  in  length,  and  are  graduated  from  0°  to  30°  C,  in 


Section  through  walls  of  the  calorimeter  showing  thermometers.  A  is  the  copper  and 
B  the  zinc  wall  of  the  calorimeter  chamber.  C  and  D  are  the  inclosing  walls  of  wood 
and  paper.  The  long  thermometers  C,  //,  extend  into  the  \yto  pipes  Ey  F^  through 
which  the  current  of  water  enters  and  leaves  the  calorimeter.  Readings  are  taken  by 
means  of  the  microscopes,  the  scale  being  illuminated  by  small  electric  lamps..  The  rate 
of  flow  of  water  is  regulated  by  a  valve  with  an  index  moving  over  a  graduated  scale. 

twentieths  of  a  degree,  and  read  to  hundredths  of  a  degree.  They 
have  been  carefully  compared  with  our  standards.  These  thermome- 
ters are  read  by  microscopes  mounted  as  shown  in  Fig.  6,  the  thread 
of  mercury  bearing  illuminated  by  small  electric  lamps.  Their 
difference  of  temperature  gives  a  measure  of  the  heat  absorbed 
within  the  calorimeter  per  gram  of  water. 

In  order  to  regulate  the  temperature  of  the  ingoing  water,  and 
especially  to  have  it  as  low  as  required,  it  is  passed  through  a 
cooler.  This  consists  of  a  pair  of  closed  copper  cylinders  sub- 
merged in  a  bath  of  cold  calcium  chlorid.  The  temperature  of  this 
bath  is  kept  at  the  desired  point  by  pumping  in  cold  calcium  chlorid 
solution  from  the  large  refrigerating  tank  as  often  as  necessary. 
The  water  to  be  cooled  enters  the  first  cooler,  being  carried  to  the 
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bottom  where  the  warm  water  prevents  the  formation  of  ice.  This 
i*'ater  being  partially  cooled  enters  the  second  cooler,  being  carried 
to  the  bottom  as  in  the  first  one.  Here  it  is  cooled  still  further  be- 
fore going  to  the  absorbers.  By  this  means  the  ingoing  water  can 
be  brought  as  low  as  2°  C.  if  desired,  and  any  higher  temperature 
can  be  obtained  either  by  varying  the  temperature  of  the  bath  or  by 
mixing  the  cold  water  with  warmer  taken  directly  from  the  supply. 
At  the  top  of  the  room  is  a  tank  which  is  kept  full  and  overflowing 
by  a  stream  of  water  from  the  city  service.  From  this  tank  is  taken 
the  water  which  flows  through  the  absorbers.  Having  thus  a  con- 
stant head,  the  rate  of  flow  of  water  through  the  absorbing  pipes  is 
uniform.  A  regulating  valve  with  a  pointer  moving  over  a  gradu- 
ated arc  (Fig.  6)  enables  one  to  vary  the  rate  of  flow  within  wide 
limits. 

2.   The  Water  Meter, 

The  water  is  received  in  a  special  form  of  water  meter  (Fig.  7), 
having  a  capacity  of  10  kilograms.  The  water  which  has  flowed 
through  the  absorbers  runs  into  the  small  cup,  Ay  which  is  divided 
by  a  vertical  partition  through  the  center  and  reaching  from  the 
bottom  about  half-way  to  the  top.  On  either  side  of  this  partition 
are  small  tubes  leading  from  the  bottom  of  the  cup,  Ay  to  the 
cylinders,  B  and  C,  When  the  water  running  into  A  falls  on  one 
side  of  the  partition  it  will  run  down  the  tube  to  the  corresponding 
cylinder,  which  will  be  filling  up.  As  the  level  of  the  water  rises  it 
will  finally  be  as  high  as  the  top  of  the  partition  in  the  little  cup.  Ay 
when  no  more  water  will  enter,  but  will  overflow  and  run  into  the 
other  cylinder.  The  first  cylinder  now  contains  just  10  kilograms 
of  water. 

In  the  narrow  neck  of  the  cylinder  is  a  float,  Fy  in  the  form  of  a 
test  tube.  This  is  hung  from  the  end  of  a  spring,  and  as  the  rising 
water  lifts  the  float  the  spring  comes  in  contact  with  the  point  Hy 
and  closes  the  circuit  of  an  electric  alarm  bell  which  continues  to 
ring  until  the  siphon,  5,  is  started  and  the  cylinder  begins  to  empty. 
After  the  siphon  is  started  it  will  draw  all  the  water  from  the 
cylinder  down  to  a  certain  level  without  any  further  attention.  The 
stream  of  water  is  diverted  to  the  other  side  of  the  cup,  Ay  by  the 
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operator  before  the  siphon  is  started.     Record  is  made  at  the  in- 
stant the  meter  is  filled  and  the  interval  between  successive  records 


Fig.  7. 
Water  meter,  llie  stream  of  water  which  carries  away  the  heat  generated  in  the 
respiration  chamber  flows  into  one  of  the  cylinders  By  C,  until  it  is  filled,  when  the 
stream  is  diverted  automatically  by  the  apparatus  //,  to  the  other  cylinder.  The  first  is 
emptied  by  means  of  the  siphon  5.  The  siphon  is  operated  by  the  attendant  whose  atten- 
tion is  called  by  an  electric  bell  which  begins  to  ring  as  soon  as  the  cylinder  is  filled,  and 
continues  ringing  until  the  siphon  is  started. 
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gives  the  period  for  the  corresponding  10  kilograms  of  water. 
Thus  the  product  of  the  average  difference  of  temperature  between 
the  ingoing  and  outgoing  water  by  10  gives  the  number  of  calories 
of  heat  brought  away  during  the  given  period. 

3.    Determining  the  Increase  of  Temperature  of  the  Water, 

As  a  check  upon  the  thermometer  readings,  and  in  order  to 
avoid  too  frequent  readings  of  the  thermometers,  two  coils  of  copper 
wire  are  sealed  in  thin  copper  tubes  and  inserted  in  the  water  pipes 
near  the  bulbs  of  the  thermometers.  .  They  are  joined  to  two  com- 
parison coils  on  the  slide-wire  Wheatstone  bridge.  No.  6  (Fig.  4), 
graduated  so  that  readings  on  the  scale  give  differences  of  temper- 
ature of  the  water  in  the  pipes,  i  millimeter  being  0.0 1*^  C.  Readings 
on  this  bridge  are  usually  taken  every  two  minutes  during  an  ex- 
periment, and  careful  readings  on  the  mercury  thermometers  are 
taken  occasionally  for  calibration  purposes.  This  bridge  is  equiva- 
lent to  what  is  generally  known 
as  a  platinum  thermometer,  but 
inasmuch  as  copper  coils  are 
used  instead  of  platinum,  it  is  Battpry  -^^ 
here  called  a  "  copper  thermom- 
eter." The  resistance  of  copper 
increases  with  its  temperature, 
and  hence  the  difference  of  tem- 
perature of  two  coils  of  wire 
may  be  accurately  measured  by 
determining  their  resistances. 

The  principle  employed  for 
the  measurement  of  these   re- 
sistances  is,  as  just  stated,  that       Diagram  illustrating  use  of  copper  ther- 
.    .      _--,  ,     .  ,         Ml  mometer.     This  is  a  Wheatstone  bridge  in 

of  the  Wheatstone  bndge,  lllus-  ^^^j^^  A  and   B  are  two  equal  comparison 
trated    in     Fig.    8.        The     four  coils ;  C  is  a  fixed  resistance  ;  D  is  the  resist- 
arms   are    A,    B,   C+  C,  I)  +  d   «"^^  ^^'^  '"  ^^^  calorimeter,  and  c  and  d' are 
.      .    .       1         r»  ^^^  ^^o  parts  of  the   straight   wire  on  the 

The  battery  is  jomedat  B,  and  bridges  shown  in  Plate  vi. 

B^,  the  galvanometer  at  C^  and 

Cj.     If  A  and  B  represent  the  proportional  arms  of  the  bridge, 

which  are  here  equal,  C  and  D  the  two  copper  coils  in  the  water 
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pipes,  and  c  +  d  the  slide  wire  of  the  bridge,  then  for  no  current 
through  the  galvanometer  the  following  proportions  must  be  true  : 

A:  B  :  :C+c  :  D  +  d. 

Suppose  now  the  coil  D  is  warmed  so  that  its  resistance  is  in- 
creased. To  keep  the  bridge  still  balanced,  B^  must  be  moved 
along  the  slide-wire  reducing  d,  and,  at  the  same  time,  increasing  r, 
until  the  bridge  is  again  balanced.  By  properly  graduating  the 
slide-wire  scale  the  position  of  B^  will  show  directly  the  difference 
in  temperature  between  the  coils  C  and  D  ;  and  these  coils  of  fine 
insulated  copper  wire,  inclosed  in  very  thin  copper  tubes,  quickly 
take  up  the  temperature  of  the  water  by  which  they  are  surrounded. 

Referring  now  to  Fig.  4,  the  connection  of  bridge  No.  6  will  be 
readily  seen.  The  parts  are  lettered  the  same  as  in  Fig.  8.  In  ad- 
dition are  the  small  coils  c\  c",  r"'.  The  length  of  the  bridge  wire 
corresponds  to  a  difference  of  temperature  of  5*^  in  the  coils  C,  D. 
If  the  difference  increases  above  this,  the  coil  c'  is  added  to  C,  so 
that  the  slider  instead  of  being  at  "  5  "  will  be  at  **  o,"  and  then  dif- 
ferences of  temperature  between  5°  C.  and  10°  C.  can  be  measured. 
In  the  same  way,  when  the  difference  reaches  10°  C,  r"  is  added  to 
C+  c\  and  "o"  then  corresponds  to  10*^  C.  The  connections  are 
made  and  changed  by  means  of  a  heavy  link  dipping  into  mercury 
cups.  The  scale  is  500  millimeters  in  length,  and  hence  the  posi- 
tion of  the  slider  can  easily  be  read  off  in  hundredths  of  a  degree. 

The  rate  at  which  heat  is  taken  up  by  the  absorbers  depends 
upon  their  temperature  as  compared  with  that  of  the  surrounding 
space,  and  the  freedom  of  circulation  of  air  around  them.  Three 
methods  are  employed  to  diminish  this  rate  below  the  maximum. 
First,  the  water  may  be  allowed  to  enter  at  a  higher  temperature 
than  the  minimum  of  2°  C;  second,  the  water  may  be  made  to  flow 
slowly  through  the  absorbers  so  that  its  average  temperature  is 
higher  ;  and  third,  shields  may  be  put  around  the  absorbers.  Deep 
copper  troughs,  y,  y,  hang  under  the  absorbers  (see  Fig.  5),  one  on 
each  side  and  one  on  each  end.  The  side  troughs  or  shields  can 
be  operated  from  without  by  means  of  cords  passing  over  pulleys, 
L,  L,  which  are  wound  up  by  rods  reaching  through  the  side  of  the 
calorimeter.     Raising  a  shield  around  a  portion  of  the  absorber  im- 
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pedes  the  circulation  of  the  air,  the  colder  air  within  the  shield  be- 
ing able  to  escape  only  by  rising  and  flowing  over  the  sides.  As 
these  shields  can  be  raised  to  any  desired  point,  and  the  temperature 
and  rate  of  flow  of  the  entering  water  can  be  regulated  at  will,  any 
desired  rate  of  absorption  from  i  to  250  calories  per  hour,  its  maxi- 
mum rate,  can  be  realized. 

4.  Determining  tfie  Temperature  of  the  Calorimeter, 

In  order  to  measure  not  only  the  total  amount  of  heat  evolved  by 
the  subject,  but  also  the  rate  at  any  and  all  times,  it  is  necessary  to 
keep  the  interior  temperature  of  the  calorimeter  very  nearly  con- 
stant, and  also  to  measure  the  small  changes  in  temperature  which 
may  occur.  For  this  purpose  we  have  mounted  six  coils  of  No.  32 
copper  wire  near  the  walls  of  the  chamber,  connected  them  in  series 
u-ith  one  another  and  joined  them  to  a  slide-wire  bridge  (No.  5, 
Fig.  4),  outside,  so  graduated  as  to  read  ofT  the  temperatures  di- 
rectly in  degrees  Centigrade,  i®  extending  over  a  hundred  milli- 
meters on  the  scale.  Thus  the  temperature  is  read  to  the  hundredth 
of  a  degree.  This  bridge  is  similar  to  No.  6.  A  and  B  are  the 
proportional  arms  of  the  bridge,  here  equal  to  each  other,  C  is  the 
comparison  coil  mounted  on  the  bridge.  The  wire  of  coil  C  (as 
well  as  both  bridge  wires)  was  kindly  furnished  by  the  Weston  Elec- 
tric Instrument  Company,  and  has  a  zero  temperature  coefficient,  so 
that  its  resistance  is  constant.  Hence  the  position  of  the  slider  is 
changed  only  when  the  temperature  of  the  copper  thermometers,  Z>, 
varies.  At  A'  is  a  switch  for  short  circuiting  the  small  coil  d.  When 
this  is  closed  the  scale  reads  from  17®  C.  to  22^  C.  ;  when  open, 
from  20°  C.  to  25°  C.  The  copper  coil  D,  which  forms  the  fourth 
arm  of  the  Wheatstone  Bridge,  is  subdivided  into  six  separate  coils. 
Two  of  these  are  mounted  on  each  side  of  the  chamber  and  one  on 
each  end,  each  being  at  a  different  height,  M,  M,  J/ (Fig.  5).  Thus 
they  indicate  a  fair  average  temperature.  These  coils  are  wound  on 
light  wooden  frames  and  are  covered  by  a  perforated  brass  tube. 
They  are  thoroughly  insulated  from  the  copper  wall,  and  further 
protected  from  injury  by  guards,  0  (Fig.  5).  They  are  very  sen- 
sitive to  slight  changes  in  the  temperature  of  the  air. 

A  second  set  of  similar  coils  is  enclosed  in  copper  boxes  and  at- 
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tached  in  close  thermal  contact  to  the  copper  walls.  They  may  be 
joined  to  the  same  bridge  by  a  key,  5,  and  indicate  the  temperature 
of  the  copper  walls.  These  copper  coils,  with  their  slide-wire 
bridge,  we  call  the  "  copper  thermometers.'*  A  mercury  thermome- 
ter passes  through  the  wooden  and  zinc  walls,  and  its  bulb  lies  in  a 
copper  pocket  which  is  soldered  to  the  copper  wall.  This  gives  the 
temperature  of  the  copper  at  that  place,  and  its  readings  are  com- 
pared with  the  "  copper  thermometer  **  readings. 

The  Ventilating  Air  Current. 

I.  Measuring  and  Regulating  the  Temperature  of  the  Ingoing  Air. 

The  temperature  of  the  out-coming  air  will  be  the  same  as  that 
inside  the  chamber.     If  the  in-going  air  can  be  kept  at  the  same 


Fig.  9. 
Air  temperature  regulator.     The  ventilating  current  of  air  passes  through  this  regulator 
on  its  way  to  the  calorimeter  and  the  temperature  is  raised  by  the  lamp,  Z,  or  lowered  by 
water  contained  in  the  cylinder,  T^  as  may  be  necessary  to  make  it  the  same  as  the  tem- 
perature of  the  air  escaping  through  the  exit  pipe,  U. 
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temperature  there  will  be  no  gain  or  loss  of  heat  due  to  the  circula- 
tion of  the  air. 

The  in-going  air  passes  through  the  "  regulator  *'  before  entering 
the  chamber.  This  regulator,  shown  in  Fig.  9,  is  a  copper  cylin- 
der 76  centimeters  (30  inches)  long  and  18  centimeters  (7  inches) 
in  diameter.  Within  this  is  another  cylinder  5  centimeters  (2  inches) 
in  diameter  extending  through  the  ends  of  the  outer  one.  On  the 
outside  of  this  small  cylinder  are  soldered  eight  vanes,  F,  which 
reach  nearly  to  the  outside  wall,  thus  increasing  the  effective  area 
of  the  cylinder,  which  is  filled  with  water  to  increase  its  capacity  for 
heat.  The  air  comes  to  the  regulator  a  few  degrees  too  cold,  and 
it  is  warmed  by  an  incandescent  lamp  Z,  placed  in  the  pipe.  The 
current  in  the  lamp  is  varied  to  give  the  required  amount  of  heat. 
After  passing  over  the  lamp  and  being  warmed  to  about  the  desired 


Fig.  10. 
**  Vestibule."  The  object  of  this  apparatus  is  to  facilitate  the  comparing  of  the  tem- 
perature of  the  in-coming  and  out-going  ventilating  current  of  air.  The  air  enters 
the  lower  part  of  the  vestibule  through  the  lower  pipe  6',,  and  leaves  the  upper  part 
through  L'y  The  thermo-electric  junctions  set  in  the  partition  between  the  upper  and 
lower  parts  of  the  vestibule  indicate  any  difference  of  temperature  between  the  entering 
air  and  that  which  is  about  to  flow  out. 

temperature  the  air  enters  the  regulator  5,  where  it  attains  its  final 
uniform  temperature.  If  it  enters  a  little  warmer  it  will  impart  its 
surplus  heat  to  the  water  in  the  small  cylinder,  T,  while  if  it  enters 
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slightly  cooler  it  will  receive  heat  from  the  same  source.  Thus  it 
will  enter  the  chamber  through  the  tube,  U,  at  a  nearly  constant 
temperature.  This  regulator  of  large  capacity  for  heat  steadies  the 
temperature  of  the  air  current  as  a  massive  fly  wheel  of  an  engine 
steadies  its  speed. 

Within  the  chamber  is  the  "vestibule"  (Fig.  10),  through  which 
pass  the  currents  of  in-going  and  out-coming  air.  This  is  a  double- 
walled  copper  chamber,  divided  into  two  portions  by  a  double- 
walled  partition.  The  out-coming  air  enters  the  top  and  passes  out 
through  the  tube,  U^,  This  space  will  then  have  the  temperature 
of  the  out-coming  air.  In  the  same  way  the  in-going  air  enters 
through  the  tube,  f/j,  and  leaves  at  the  bottom.  The  lower  space 
is  then  at  the  temperature  of  the  in-going  air.  Extending  through 
the  partition  on  either  side  are  twenty-four  pairs  of  iron-German- 
silver  thermo-electric  couples.  These  are  connected  to  the  gal- 
vanometer through  point  4  of  switch  N  (Fig.  4),  and  if  there  is  any 
difference  of  temperature  between  the  air  in  the  two  spaces  it  will 
cause  a  deflection  of  the  galvanometer.  If  this  shows  that  the  in- 
going air  is  cooler  than  the  outcoming,  the  current  in  the  lamp 
(Fig.  9)  is  increased.  If  the  air  should  require  to  be  cooled,  as 
rarely  occurs,  this  may  be  effected  by  drawing  off  a  portion  of  the 
water  and  replacing  it  by  colder  water. 

2.  Refrigerating  Apparatus, 

The  refrigerating  tank  is  shown  in  Fig.  11.  Liquid  ammonia  is 
supplied  to  the  tank  through  the  iron  pipe  marked  Pj^  from  an  am- 
monia machine  in  another  part  of  the  room.  This  liquid  ammonia, 
initially  at  high  pressure,  passes  through  a  reducing  valve  and  flows 
into  the  coil  of  iron  pipe  shown  in  the  figure.  Here  it  evaporates, 
as  it  flows  around  the  coil,  as  rapidly  as  heat  can  be  absorbed  from 
the  solution  of  calcium  chlorid  which  fills  the  tank.  The  tem- 
perature of  this  solution  is  thus  reduced  to  about  —18°  or  — 20°C. 
The  coil  of  pipe  through  which  the  ammonia  passes  consists  of  %% 
meters  (287  feet)  of  2.5  centimeters  (i  inch)  extra-heavy  pipe  elec- 
trically welded  so  as  to  form  one  continuous  tube.  There  are  two 
sets  of  air  refrigerators  or  '*  freezers"  in  the  tank.  The  first  is 
marked  A^  and  is  made  of  sheet  copper.     It  consists  practically  of 
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two  large  U  tubes  of  copper  immersed  in  the  brine  and  connected 
by  horizontal  elbows.  Copper  vanes  attached  to  the  walls  of  the 
freezer  increase  the  cooling  surface.     The  air  enters  the  pipe  /\  from 
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Fie.  11. 

Refrigerating  apparatus.  The  chief  object  of  this  is  to  remove  the  greater  portion  of 
the  moisture  from  the  ventilating  current  of  air  before  it  enters  and  after  it  leaves  the 
respiration  chamber.  For  this  purpose  the  air  is  passed  through  copper  cylinders,  **  cool- 
ers/' Ay  Ey  immersed  in  brine  (of  calcium  chlorid)  which  is  cooled  to  a  temperature  of 
—  18°  to  —  20°  C.  by  aid  of  ammonia  expanding  in  the  coiled  pipe  seen  against  the  sides  of 
the  tank  in  the  figure.  The  air  flows  through  the  cooler,  Ay  on  its  way  to  the  respiration 
chamber,  and  through  By  and  C  or  D  and  E  on  its  way  from  the  chamber  to  the  pumps. 
The  valves,  F,  and  V^y  are  used  to  direct  the  outcoming  air  current  from  one  pair  of 
cylinders  to  the  other. 
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out-of-doors  laden  with  more  or  less  moisture.  Reaching  the  freezer 
A  its  temperature  is  quickly  lowered  nearly  to  that  of  the  surround- 
ing brine  and  nearly  all  of  its  moisture  is  deposited  upon  the  inner 
walls  of  the  freezer.  The  air  leaving  the  freezer  A,  passes  along  the 
pipe  P^  to  the  calorimeter,  being  warmed  to  the  temperature  of  the 
room  before  reaching  the  chamber.  Its  moisture  content  as  it  enters 
the  calorimeter  is  quite  small  and  uniform. 

Returning  from  the  calorimeter  laden  with  water  vapor,  the  air 
passes  through  the  second  system  of  refrigerators  or  freezers,  in 
which  the  greater  portion  of  this  moisture  is  condensed.  But  in 
order  to  be  able  to  collect  and  measure  the  deposited  moisture  for 
any  given  period,  this  system  of  freezers  is  differently  constructed 
from  that  used  for  the  in-coming  air.  Four  cylindrical  brass  vessels 
are  clamped  together,  as  shown  in  the  figure,  and  fitting  closely  in- 
side them  are  four  cylinders  or  freezers  made  of  sheet  copper. 
Each  of  these  is  about  57  centimeters  (22.5  inches)  long  and  12 
centimeters  (4.75  inches)  in  diameter,  and  is  divided  vertically  by  a 
partition  which  extends  from  the  top  nearly  to  the  bottom.  The  air 
enters  through  a  tube  in  the  top,  flows  down  to  the  bottom,  and, 
rising  on  the  other  side  of  the  partition,  passes  by  means  of  a 
double-elbow  connection  to  a  second  freezer,  where  the  larger  por- 
tion of  the  water  not  removed  by  the  first  freezer  is  condensed.  In 
order  to  give  a  maximum  cooling  surface,  vanes  of  sheet  copper  are 
soldered  to  the  interior  surface  of  the  cylinders  extending  radially 
to  within  a  short  distance  of  the  middle  partition.  The  space  be- 
tween the  inner  cylinder  or  freezer  and  the  outer  protecting  jacket 
is  filled  with  alcohol,  in  order  to  insure  a  freer  passage  of  heat  from 
the  air  current  to  the  cooling  brine.  The  freezers  are  removed  and 
weighed  at  intervals,  generally  of  six  hours.  In  order  that  this  may 
be  done  conveniently  and  without  interfering  with  the  regular  flow 
of  the  air  current  two  pairs  of  cylinders  are  used  and  a  valve  box  is 
so  arranged  that  the  air  current  can  be  easily  diverted  from  one  pair 
to  the  other.  This  consists  of  two  pieces  of  brass  pipe,  10  centi- 
meters (4  inches)  in  diameter,  placed  end  to  end.  The  adjoining 
ends  are  separated  by  a  disk  of  vulcanized  fiber,  which  serves  to 
prevent  the  passage  of  both  air  and  heat  from  one  tube  to  the  other, 
while  the  open  ends  are  connected  to  the  air  pipes  P^  and  P^  (Fig. 
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11).  The  valve  box  is  provided  with  four  lateral  apertures,  fitted 
with  collars  and  rubber  couplings,  to  connect  it  with  the  freezers. 
An  arrangement  is  made  for  conveniently  opening  and  closing  these 
apertures  by  rubber  stoppers,  which  are  held  by  brass  rods  reach- 
ing through  the  walls  of  the  valve  box  and  worked  from  the  outside. 
Two  openings  on  one  side  are  connected  with  one  pair  of  freezers, 
while  the  two  on  the  other  side  are  closed.  When  it  is  desired  to 
change  the  freezers  the  current  is  diverted  from  one  pair  to  the 
other  by  means  of  these  valves.  The  first  pair  of  freezers  is  then 
taken  out,  warmed,  dried  and  weighed ;  the  increase  in  weight  dur- 
ing the  period  gives  the  moisture  condensed  from  the  air  current. 

3.   The  Blake slee  Meter  Pump, 

Two  forms  of  apparatus  have  been  used  for  maintaining  the  air 
current  and  measuring  its  volume.  The  first  consisted  of  an  ex- 
hausting air  pump  used  in  connection  with  a  special  form  of  gas 
meter  made  by  Elster  in  Berlin.  With  this  we  did  a  large  amount 
of  preliminary  work,  but  were  unable  to  make  measurements  of  air 
volumes  as  accurately  as  we  desired. 

Aspirators  coritaining  1 50  liters  each  were  employed  at  the  out- 
set and  are  still  used  for  taking  samples  of  air  for  analysis.  Meas- 
urements with  these  aspirators  have  been  found  quite  accurate. 
But  a  much  more  satisfactory  arrangement,  and  one  which  serves 
the  threefold  purpose  of  maintaining  the  air  current,  measuring  its 
volume,  and  delivering  aliquot  samples  of  convenient  volumes  for 
analyses  is  an  apparatus  designed  and  constructed  by  Mr.  O.  S. 
Blakeslee  and  appropriately  designated  by  him  as  a  '*  meter  pump.*' 
This  is  shown  in  Fig.  1 2.  The  essential  parts  for  maintaining  the 
air  current  and  measuring  its  volume  are  cylinders  of  steel.  There 
are  two  pumps,  which  work  synchronously.  Three  steel  cylinders 
are  employed  for  each  pump.  Two  of  them  are  fixed  concentrically, 
with  a  narrow  annular  space  between  them.  This  space  is  nearly 
filled  with  mercury  and  in  it  plays  the  third  cylinder,  its  lower  por- 
tion being  immersed  in  the  mercury.  This  moving  cylinder  is 
closed  at  the  top  and  is  raised  and  lowered  by  a  walking  beam. 
The  length  of  the  stroke  of  the  cylinder  is  uniform,  and  the  volume 
of  air  delivered  at  each  stroke  is  constant.     The  temperature  of  the 
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pump  is  kept  practically  constant,  so  that  the  mass  of  air  of  each 
stroke  is  constant.  Like  the  moving  cylinder,  the  inner  cylinder  is 
also  covered  at  the  top,  but  through  this  cover  are  two  circular 
apertures,  opened  and  closed  alternately  by  an  automatic  valve. 

The  pump  is  driven  by  a  belt  on  the  large  pulley,  shown  back  of 
the  walking  beam,  from  a  countershaft  overhead.  The  speed  is  re- 
duced by  gearing,  so  that  the  face  wheel  in  front  rotates  about  ten 
times  a  minute.  On  the  same  shaft  with  the  walking  beam  is  a 
sleeve  with  a  projecting  arm,  which  is  nearly  hidden  behind  a  por- 
tion of  the  walking  beam.  The  end  of  this  arm  is  attached  to  the 
face  wheel  by  a  connecting  rod,  as  shown  in  t^le  figure.  This  con- 
veys an  oscillatory  motion  to  the  sleeve,  which  is  transmitted  to  the 
walking  beam  by  the  straight  steel  springs,  the  ends  of  which  are 
connected  about  the  middle  of  the  arcs. 

The  moving  cylinders  are  suspended  frqm  the  circular  ends  of 
the  walking  beam  by  flexible  steel  straps,  each  of  which  is  wrapped 
around  the  end  of  the  beam  as  the  cylinder  rises,  as  shown  at  the 
right  in  the  figure.  The  length  of  the  stroke  is  determined  by  stops 
on  the  rods  at  the  sides  of  the  pump.  These  rods  are  fastened  at 
the  upper  ends  to  the  moving  cylinders.  The  cylinders  are  thus 
stopped  before  the  connecting  rod  has  reached  the  end  of  its  stroke 
or  "dead  point,*'  and  therefore  the  sleeve  continues  to  turn  after  the 
walking  beam  and  cylinders  have  come  to  rest.  This  is  made  pos- 
sible by  the  long  steel  springs  which  drive  the  walking  beam,  as 
they  bend  enough  to  allow  the  sleeve  to  turn  a  little  after  the  walk- 
ing beam  has  been  stopped. 

During  this  short  interval,  while  the  cylinders  are  at  rest,  the 
valves  are  reversed  by  means  of  compressed  air,  so  that  as  either 
cylinder  descends  the  air  will  flow  into  the  exit  pipe.  As  seen  in 
the  figure,  there  are  two  pipes  running  under  each  pump.  These 
pipes  extend  up  inside  the  pump  to  the  top  of  the  stationary  cylin- 
ders, the  ends  just  reaching  through  the  bottom  of  the  pump  proper. 
The  valve  is  so  arranged  that  when  one  of  these  pipes  is  closed  the 
other  is  open.  In  front  of  the  standard  carrying  the  driving  me- 
chanism of  the  pump  is  seen  a  small  rod  which  extends  below  the 
base.  This  is  driven  from  the  sleeve  by  a  pair  of  beveled  gears, 
and  hence  it  also  has  an  oscillating:  movement     As  soon  as  the 
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Fig.   12. 
Blakeslee  Meter  Pump.     The  dotted  lines  show  the  positions  of  the  pipes  through 
which  the  main  air  current  enters  and  the  samples  for  analysis  pass  out. 
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cylinders  have  come  to  rest  a  port  in  the  compressed  air  chamber  is 
opened  ;  the  air  escapes  into  a  cylinder  ;  the  piston  makes  one  stroke, 
which  reverses  the  valves  in  both  pumps,  setting  one  so  that  air 
may  be  drawn  in  from  the  in-going  pipe  and  the  other  so  that  the 
air  may  be  expelled  into  the  exit  pipe.  All  this  is  done  while  the 
cylinders  are  at  rest,  and  thus  the  air  within  them  is  at  atmospheric 
pressure.  The  volume  of  each  cylinder  is  known  from  its  dimen- 
sions, and  an  automatic  counter  records  the  number  of  strokes. 

In  front  of  the  base  of  the  standard  are  seen  the  electro-magnets 
used  in  taking  the  samples  for  analysis.  Below  them  is  the  chamber 
through  which  all  of  the  air  from  the  exit  pipe  must  pass  before  it 
can  escape.  There  are  three  openings  from  this  chamber — one  in 
front  and  one  at  either  side.  From  the  side  openings  are  pipes 
(shown  by  the  dotted  lines)  leading  to  the  receptacles  for  holding 
the  samples  before  analysis,  termed  briefly  '*pans."  Likewise  a 
pipe  placed  on  the  opening  in  front  conducts  the  main  current  of 
air  to  the  boxes  surrounding  the  pans.  This  gives  the  same  atmos- 
phere both  within  and  without  the  pans,  and  has  been  found  by  ex- 
periment to  prevent  a  transfer  of  moisture  through  the  sheet-rubber 
tops  of  the  pans. 

The  method  of  taking  the  samples  is  as  follows  :  Between  the 
electro-magnets  and  the  standard  is  a  rachet  wheel  having  100 
teeth.  At  each  stroke  of  the  pump  this  wheel  is  advanced  by  one 
tooth.  Mounted  on  this  wheel  is  a  pin  which  closes  an  electric 
circuit  once  every  revolution — ^that  is,  once  every  hundred  strokes. 
The  current  flows  through  one  of  the  electro-magnets,  drawing  in 
its  plunger.  This  motion  closes  the  aperture  in  front,  at  the  same 
time  opening  the  one  at  the  side,  and  thus  allowing  the  air  from  a 
complete  double  stroke  (both  cylinders  full)  to  pass  into  the  cor- 
responding pan.  The  electric  circuit  is  then  broken,  which  releases 
the  plunger  of  the  magnet,  and  the  air  continues  to  flow  through 
the  opening  in  front.  A  second  pin  in  the  toothed  wheel,  on  the 
opposite  side  from  the  first,  closes  a  second  circuit  through  the 
other  electro-magnet,  so  that  the  intermediate  fiftieth  strokes  are 
delivered  into  the  other  pan  for  duplicate  analysis.  This  pump,  al- 
though necessarily  somewhat  complex  in  construction  is  reliable 
and  satisfactory  in  its  operation. 
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4.  Ana/j'sis  of  the  Samples  of  Air, 

The  method  of  analysis  of  the  air  current  consists  in  passing  the 
sample  through  U  tubes  containing  sulphuric  acid  for  the  removal 
of  the  water  and  soda-lime  for  the  removal  of  the  carbon  dioxid. 

These  U  tubes  are  about  12  centimeters  (5  inches)  in  length  and 
1.5  centimeters  (^  inch")  in  diameter.  Those  for  the  absorption  of 
water  are  about  two-thirds  filled  with  pumice  stone  drenched  with 
concentrated  sulphuric  acid.  In  use  these  tubes  are  laid  nearly  flat, 
with  just  enough  incline  to  the  tube  to  avoid  all  danger  of  the  acid 
coming  in  contact  with  the  rubber  stoppers  through  which  the  small 
connecting  glass  tubes  pass.  Detailed  experiments  have  shown 
that  the  absorption  of  water  vapor  from  an  air  current  flowing  at  a 
rate  as  high  as  750  cubic  centimeters  per  minute  is  complete  by  the 
use  of  one  such  sulphuric-acid  tube  until  the  acid  has  taken  up  i 
gram  of  water,  after  which  complete  absorption  from  a  current  flow- 
ing at  this  rate  can  not  be  depended  upon. 

While  only  one  U  tube  is  necessary  for  the  complete  absorption 
of  the  water,  a  system  of  three  U  tubes  is  used  for  the  complete  re- 
moval of  the  carbon  dioxid  from  the  sample.  Two  of  these  are 
filled  with  soda-lime  for  the  absorption  of  the  carbon  dioxid  itself; 
the  third  contains  sulphuric  acid,  which  serves  for  the  collection  of 
the  water  taken  up  from  the  soda-lime  by  the  current  of  perfectly 
dry  air  passing  over  it.  As  the  absorption  of  carbon  dioxid  takes 
place  the  yellowish  color  of  the  soda-lime  gives  place  to  the  white 
color  of  the  sodium  and  calcium  carbonates  that  are  formed,  thus 
making  it  easy  to  see  when  a  fresh  tube  is  necessary.  In  the 
analysis  of  the  incoming  air,  which  contains  very  small  quantities  of 
carbon  dioxid,  one  soda-lime  tube,  followed  by  a  sulphuric-acid 
tube,  is  found  sufficient,  but  for  the  outgoing  air  three  tubes  arc 
used,  as  above  described.  When  the  soda- lime  in  one  is  nearly 
saturated  the  tube  is  removed,  the  second  moved  forward  to  take  its 
place,  and  a  fresh  tube  is  added  in  place  of  the  second.  In  this  way 
the  second  tube  in  the  system  is  always  filled  with  fresh  soda-lime. 
It  has  been  found  that  two  soda-lime  tubes  will  remove  all  of  the 
carbon  dioxid  from  an  air  current  flowing  at  a  rate  as  high  as  750 
cubic  centimeters  per  minute. 
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5.   Residual    Carbon  Dioxid  and    Water   Vapor  in  the  Respiration 

Chamber, 

The  term  "  residual  carbon  dioxid  and  water  vapor  "  is  applied  to 
the  total  amount  of  these  materials  remaining  in  the  chamber  at  any 
given  time. 

In  the  check  experiments  described  beyond,  in  which  alcohol  was 
burned,  and  in  the  experiments  with  man,  the  quantities  of  carbon 
dioxid  and  water  vapor  in  the  air  of  the  chamber  were  found  to  be 
subject  to  considerable  variations.  In  the  experiments  in  which  al- 
cohol was  burned  in  the  chamber  these  fluctuations  are  due  to  the 
combustion  of  the  alcohol  at  different  rates ;  in  experiments  with  a 
man  they  are  due  to  differences  in  the  amount  of  external  or  internal 
work  done,  and  the  consequent  changes  in  the  amount  of  material 
oxidized  and  the  carbon  dioxid  and  water  eliminated. 

In  order  therefore  to  determine  the  exact  amounts  of  carbon  di- 
oxid and  water  given  off"  during  any  given  time  from  the  combustion 
of  alcohol  in  a  lamp  or  of  food  in  the  body,  it  is  necessary  to  know 
not  only  the  amount  of  these  respiration  products  in  the  ventilating 
air  current  during  this  period,  but  the  variation  of  the  residual 
amount  in  the  chamber.  For  this  purpose  a  sample  consisting  of 
10  or  12  liters  of  air  is  drawn  from  the  interior  of  the  chamber 
through  absorption  tubes  and  the  number  of  milligrams  of  carbon 
dioxid  and  water  vapor  per  liter  ascertained.  This  gives  the  total 
amounts  of  these  products  in  the  chamber  the  capacity  of  which  is 
about  4800  liters,  at  the  time  the  sample  was  drawn.  Residual 
analyses  are  thus  made  at  the  beginning  of  an  experiment  and  at 
the  close  of  each  experimental  period. 

The  residual  analyses  therefore  give  data  for  determining  a  posi- 
tive or  negative  correction  which  is  applied  to  the  amount  of  respi- 
ratory products  found  in  the  ventilating  air  current  in  order  to  ob- 
tain the  quantities  of  these  products  actually  given  off"  during  each 
experimental  period. 

(  To  be  continued. ) 
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A  METHOD  FOR  THE  STUDY  OF  PHOSPHORESCENT 

SULPHIDES. 

By  Fred.  E.  Kester. 

WITH  such  phosphorescent  materials  as  are  luminous  for  only 
a  short  time  after  illumination,  Becquerel*  used  the  phos- 
phoroscope  for  photometric  measurements.  A  large  part  of  his 
quantitative  study  of  phosphorescence  was  upon  this  kind  of  mate- 
rials. To  obtain  measurements  on  substances,  which  continue  to 
emit  light  for  a  number  of  minutes,  and  in  some  cases  for  several 
hours,  after  illumination,  he  made  direct  observations  by  adjusting 
the  intensity  of  his  comparison  surface  to  equality  with  the  transient 
intensity  of  the  test  substance  and  noting  the  instant  at  which  the 
adjustment  was  made. 

So  far  as  I  have  been  able  to  find,  later  observers,  notably  L. 
Darwin,*  E.  Wiedemann,^  H.  Becquerel*  and  C.  Henry,*  have  used 
these  two  methods  with  slight  modifications  to  suit  special  needs. 

I.  Apparatus. 
In  order  to  study  the  luminosity  of  sulphides  of  the  alkaline 
earths  between  the  limits  imposed,  on  the  one  hand,  by  the  inter- 
mittent character  of  the  observations  when  the  phosphoroscope  is 
used,  and  on  the  other  by  the  difficulty  of  making,  by  direct  obser- 
vation, a  measurement  of  intensity  of  phosphorescence  very  soon 
after  an  illumination,  I  used  the  following  device.  A  vertical  cylin- 
der of  the  test  substance  was  rotated  about  its  axis  and  was  illum- 
inated on  one  side  through  an  aperture  which  was  placed  quite  close 
to  the  cylinder.     Then  the  emitted  light  was  examined  by  a  spectro- 

>  1^  Lumidre,  I,  p.  244. 

«('hem.  News,  42,  p.  302,  1880;  Phil.  Mag.,  V-ii,  p.  210,  1881. 
a\Vied.  Annalen,  37,  p.  177,  1889;    Phil.  Mag.,  V-28,  p.  149,  1889;   Eder's  Jahr- 
Imch  f.  Photographic,  5,  p.  587. 

*  Comptes  Rcndus,  113,  pp.  6i8-;^72,  1891. 
*C'omptcs  Rcndus,  115,  pp.  505-602,  1892. 
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meter,  the  slit  of  which  was  diametrically  opposite  the  illuminating 
aperture.  With  a  constant  intensity  of  illuminating  light  and  a  con- 
stant speed  of  rotation,  however  slow,  the  intensity  of  the  emitted 
light,  as  observed  in  the  spectrometer,  would,  of  course,  remain  the 
same,  so  that  there  would  be  no  difficulties  in  making  spectropho- 
tometric  comparisons,  aside  from  those  which  necessarily  accompany 
work  with  very  weak  intensities. 

It  was  my  first  intention  to  get  the  test  substance  into  cylindrical 
form  by  filling  a  piece  of  glass  tubing  with  it;  this  method  would 
have  left  the  phosphorescent  powder  in  its  natural  form.  But  I 
was  unable  to  find  a  piece  of  tubing  which  did  not  diffuse  into  the 
spectrometer  some  of  the  light  carried  around  from  the  aperture  by 
the  internal  reflections  within  the  glass.  The  diffusion  was  caused 
by  air  bubbles  and  milky  streaks  inside  the  glass. 

I  finally  decided  to  fix  upon  the  convex  surface  of  a  turned  brass 
cylinder,  27  mm.  in  diameter,  a  thin  layer  of  the  sulphide,  by  mix 
ing  a  small  quantity  of  it  with  a  few  drops  of  varnish  and  enough 
turpentine  to  make  the  mixture  of  the  proper  consistency,  and  then 
painting  the  convex  surface  with  it.  Varnish  and  turpentine  were 
chosen  for  this  purpose  because  neither  of  them  has  any  tendency 
to  reduce  the  sulphide  to  a  sulphate  by  oxidation  and  because  the 
varnish,  when  dry,  protects  the  material  from  this  oxidizing  action 
of  the  moisture  of  the  air.  The  fact  that  the  powder,  when  so 
treated,  was  far  from  its  natural  state  was  a  serious  objection  to  this 
method. 

The  exciting  light  (from  an  arc  lamp  or  from  the  sun)  was  formed 
into  a  spectrum  and  the  cylinder  with  its  aperture  was  placed  in  that 
part  where  the  efficient  wave-lengths  lay.  It  was  then  necessary  to 
measure  the  energy  in  the  region  of  the  spectrum  which  was  used 
in  exciting  phosphorescence.  The  usual  methods  of  the  thermopile 
and  bolometer,  all  of  which  necessitate  the  use  of  a  delicate  galva- 
nometer, were  not  available  because  of  magnetic  disturbances ;  and  a 
photometric  method  was  not  convenient.  After  a  number  of 
attempts  to  devise  a  suitable  method,  it  was  suggested  to  me  that  a 
Crook's  radiometer  be  built  in  the  form  which  Mr.  E.  F.  Nichols* 
had  used,  in  some  measurements  of  radiations  of  long  wave-length, 
JpHYs.  Review,  IV.,  297,  1897. 
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while  in  Berlin.  This  was  done,  the  piece  being  made  very  similar 
in  form  to  his. 

It  may  be  of  sufficient  interest  to  mention  here  a  difficulty  which 
I  encountered  in  the  process  of  construction  of  the  radiometer.  In 
a  tentative  form  of  the  apparatus  a  metal  top,  with  a  vertical  brass 
tube  soldered  into  it,  was  used ;  into  the  brass  tube  was  sealed  the 
tube  of  a  glass  stop-cock  by  means  of  ordinary  sealing  wax.  A 
number  of  observers  had  had  trouble  with  sealing  wax  when  used  in 
the  joints  of  high  vacuum  pieces,  but  from  all  the  statements  noticed 
the  trouble  seemed  to  arise  from  leakage.  This  it  was  hoped  to  avoid 
by  making  between  the  glass  and  brass  tubes  (the  brass  being  on 
the  outside)  a  long,  firm  seal.  However,  in  this  form,  the  enclosure 
could  not  be  maintained  at  a  sufficiently  low  pressure,  and  a  search 
for  leaks  was  commenced.  After  some  time  it  was  noticed  that  the 
pressure  did  not  rise  steadily,  but  came  up  to  a  certain  value  and 
then  hung  there,  indicating  the  presence  of  a  vapor  tension  rather 
than  of  a  leak.  The  sealing  wax  was  suspected  at  once  and  in  order 
to  try  it  a  few  small  pieces  were  placed  in  a  clean  vacuum  tube  which 
was  then  pumped  to  a  high  vacuum  and  sealed  off.  The  pressure  in 
the  tube  (indicated  by  the  character  of  electric  discharge  through 
it)  rose  to  one  or  two  tenths  of  a  millimeter  in  about  half  an  hour 
and  then  remained  constant. 

A  glass  top  was  then  ground  to  fit  the  metal  body  of  the  radiom- 
eter, and  the  tube  of  the  glass  stop-cock  welded  to  it.  Even  in 
this  final  form  the  piece  leaked  a  little,  so  that  it  was  necessary  to 
standardize  it  from  day  to  day  by  means  of  a  constant  source  ot 
radiation.     A  Hefner  photometric  lamp  was  used  for  this  purpose. 

The  arrangement  of  pieces  was,  then,  as  shown  in  Fig.  i.  The 
aperture  A  in  the  wall  of  the  dark  room  was  illuminated  from  with- 
out by  an  arc  lamp,  with  suitable  condensing  lens,  or  by  sunlight, 
and  the  spectrum  of  the  light  brought  to  a  focus  with  the  blue  end 
on  the  cylinder  T,  The  mirror  M  had  its  upper  edge  on  the  same 
level  with  the  lower  edge  of  the  aperture  A,  and  was  so  placed  as 
to  reflect  light,  into  the  radiometer,  of  the  same  wave-length  as  that 
used  in  exciting  phosphorescence,  the  spectrum  being  so  adjusted 
as  to  cover  both  M  and  A, 

The  standard   for  photometric  comparisons   was  a  magnesium 
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oxide  surface  illuminated  by  an  acetylene  flame  which  was  furnished 
with  gas  at  constant  pressure.  The  light  diffused  from  the  surface 
reached  the  spectrometer  through  two  Nicol  prisms,  Pand  A,  and 


Fig.  1. 

a  total  reflection  prism  which  covered  the  lower  half  of  the  collima- 
tor slit.  The  upper  half  of  this  slit  received  light  from  the  phos- 
phorescent cylinder. 

Finally,  the  spectra  of  the  phosphorescent  light  and  of  the  dif- 
fused light  from  the  magnesium  oxide  surface  were  formed,  one 
above  the  other  in  the  field  of  the  eye-piece  of  spectrometer,  by  a 
low  dispersion  prism  of  crown  glass  with  a  30°  angle.  It  was 
necessary  to  use  such  small  dispersion  as  this  prism  gave  because 
of  the  feebleness  of  phosphorescent  light.  The  eye-piece  contained 
the  usual  narrow  aperture  for  cutting  out  of  view  all  parts  of  the 
spectra  except  those  which  it  was  desired  to  compare.  Then  when 
the  chosen  parts  of  the  spectra  were  made  of  the  same  intensity  by 
adjusting  one  of  the  Nicol  prisms,  the  intensity  of  phosphorescence 
at  this  wave-length  was  measured  by  sin^^,  where  d  is  the  angle 
between  this  position  of  the  Nicols  and  the  crossed  position. 
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The  cylinder  T  was  rotated  at  a  constant  speed  by  a  small  motor 
-J/ driven  by  current  from  storage  cells.  By  the  use  of  a  system  of 
pulleys  the  speed  could  be  varied  from  about  0.03  sec.  to  7  or  8 
sec.  per  revolution. 

As  soon  as  readings  were  commenced  it  was  found  that  the  arc 
lamp  as  a  source  of  exciting  light  would  have  to  be  discarded ;  its 
fluctuations  were  much  too  rapid  to  be  followed  by  the  luminosity 
of  the  sulphide.  Observations  could  be  taken  only  with  sunlight 
on  clear  days. 

On  account  of  the  late  date  at  which  the  necessary  apparatus  was 
completed  and,  too,  because  of  the  scarcity  of  clear  sunshine,  I  have 
been  unable  to  make  observations  on  more  than  one  material — 
calcium  sulphide. 

2.  Observations. 

To  afford  a  means  of  correcting  for  uncontrollable  variations  in 
the  intensity  of  the  exciting  light  it  was  necessary  to  establish,  first 
of  all,  a  relation  between  the  intensity  of  phosphorescence  and  the 
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intensity  of  illumination.  The  intensity  of  the  exciting  light  was 
varied  by  interposing  pieces  of  blue  glass  in  the  path  of  the  ray  of 
sunlight  and  was  measured  by  the  deflections  of  the  radiometer,  Mr. 
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Nichols  having  found  that,  under  proper  conditions,  the  deflections 
were  proportional  to  the  energy  of  radiations. 

In  obtaining  these  preliminary  readings,  the  carbon  bisulphide 
prism,  which  was  used  in  order  to  obtain  sufficient  separation  of  the 
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wave-lengths  of  sunlight  within  the  necessarily  short  distance  BT, 
gave  some  trouble.  The  action  of  the  light  in  traversing  the  prism 
decomposed  the  bisulphide,  setting  free  small  particles  of  sulphur 
which  diffused  light  in  all  directions.  Some  of  this  stray  light, 
traveling  in  the  direction  of  m  and  a  caused  an  increase  in  the 
deflection  of  the  radiometer  but  no  corresponding  increase  in  the 
luminosity  of  the  phosphorescent  material.  A  couple  of  curves  ob- 
tained with  bad  charges  of  bisulphide  are  shown  in  Figs.  2  and  3. 

Each  point  is  obtained  from  averages  of  from  three  to  five  read- 
ings of  the  radiometer  and  of  the  Nicol  prisms.  To  obtain  the  in- 
tensity of  phosphorescence  from  the  Nicol  prism  readings  it  is  suf- 
ficiently accurate  to  take  the  square  of  the  sine  of  the  average  angle. 

A  set  of  readings  taken  with  a  fresh  charge  of  bisulphide  is  given 
in  the  table  following ;  it  shows  to  what  degree  of  accuracy  the  set- 
tings of  the  Nicols  were  made.  The  errors  in  this  column  of  read- 
ings made  it  desirable  to  have  a  larger  number  of  observations  in 
each  group,  but  time  did  not  permit.    * 


Digitized  by 


Goo 


8 


I70 


FRED.   E,   KESTER, 


[Voi^  IX. 


Radiometer. 


Nicol  Prisms. 


Readings. 
11.4 
11.3 
11.4 

10.8 

10.7 

10.7 

JO.  8^ 

9.1 
9.2 
9.1_ 

7.4 
7.2 
7.2 


Zero. 


3.9 


4.0 


4.0 


4.0 
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6.2 
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The  curve  of  Fig.  4  is  plotted  from   this  set  of  readings  and 
indicates  that  the  luminosity  of  the  sulphide  is  proportional  to  the 
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intensity  of  illumination,  under  the  conditions  of  the  present  appa- 
ratus. Fig.  5  gives  another  curve  of  the  same  type,  taken  with  a 
different  width  of  aperture  a  and  slightly  different  position  of  the 
spectrum  of  sun  light.    For  all  wave-lengths  of  exciting  light,  widths 


.10 


.05 


.02 -s^ 


.01 


y 

,/ 

f 

s 

/ 

f 

M 

y 

S 

y 

f 

? 

y 

/ 

r 

{ 

m/^ 

1 

A 

> 

/ 

\ 

/ 

W 

DTH  a 

■  APERTURE  a 

-»  a.8,MM. 

u 

/ 

SPEED  0^  CVUNOER    T 

—  .036  6EC.  PER  REV.  1 

/ 

r 

/ 

RAOIOI 

«ETER 

012 


4  6 

Fig  5. 


10 


of  aperture  a,  and  speeds  of  rotation  which  were  tried  it  was  found 
that  the  curves  of  intensities  were  straight  lines. 

Then  keeping  the  intensity  of  illumination  constant,  or  correct- 
ing, by  means  of  the  above  curves,  for  the  uncontrolable  variations, 
and  keeping  the  speed  of  rotation  constant,  the  effect  of  varying  the 
width  of  a  was  determined.  During  these  observations  the  inten- 
sity of  the  exciting  light  would,  of  course,  vary  somewhat.  The 
variation  was  corrected  for  by  dividing  sin^^  by  the  radiometer 
deflection,  which  operation  is  directed  by  the  proportionality  exist- 
ing between  the  intensities.  Fig.  6  is  a  curve  showing  the  rela- 
tion between  the  luminosity  and  width  of  aperture. 

The  relation  between  intensity  of  phosphorescence  and  speed  of 
rotation  of  the  cylinder  is  shown  by  Fig.  7.  Here  each  point  is 
obtained  from  an  average  of  from  eight  to  ten  observations. 

With  the  width  of  aperture  A^  which  it  was  necessary  to  use,  the 
spectrum   of  the  sunlight  was  so  impure  that  most  of  the  wave- 
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lengths,  which  were  efficient  in  producing  phosphorescence,  were  to 
be  found  in  the  aperture  a.  On  account  of  this  it  was  found  im- 
possible to  obtain  accurately  by  measurements  the  relation  between 
the  luminosity  and  the  wave-length  of  exciting  light.  For  this  pur- 
pose a  flat  surface  was  painted  with  the  sulphide  of  calcium  and  ex- 
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posed  in  the  spectrum  from  a  narrow  aperture.  By  noticing  the 
luminosity  soon  after  illumination  a  visibility  curve  was  sketched 
showing  approximately  the  desired  relation. 

And  in  the  case  of  constant  conditions  of  the  cylinder  T- — ^as  to 
illumination  and  speed — ^it  was  useless  to  compare  the  intensities  at 
various  regions  of  the  spectra  of  the  emitted  light  and  of  the  light 
from  the  surface  o  because  of  the  uneven  distribution  of  energy  in 
the  spectrum  of  the  acetylene  flame.  A  visibility  curve  of  intensity 
and  wave-length  of  phosphorescent  light  was  made. 

These  last  two  curves  are  drawn  in  the  same  figure  (Fig.  8)  in 
order  to  show  more  clearly  the  relation  between  the  wave-lengths 
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of  exciting  and  emitted  light.     The  ordinates  of  the  lower  curve 
represent  the  intensity  of  the  whole  group  of  wave-lengths  of  the 
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phosphorescent  light     With  a  wider  dispersion  of  the  illuminating 
light,  giving  greater  purity  of  spectrum  than  the  present  arrange- 
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ment  of  apparatus  affords,  and  thereby  permitting  of  measurements 
on  the  wave-lengths  of  exciting  light,  it  will  be  possible  to  separate 
this  curve  into  its  component  curves  and,  by  so  doing,  show  quite 
definitely  the  relation  between  the  wave-lengths  of  exciting  and  of 
emitted  light.  This  relation  would  be  of  special  interest  in  those 
sulphides  which  have  more  than  one  band  in  their  spectra. 

It  may  be  shown  by  a  discussion  of  the  curve  of  intensity  of  phos- 
phorescence and  time  of  revolution  of  the  cylinder,  in  connection 
with  the  curves  of  phosphorescence  and  width  of  aperture,  that  there 
are  no  definite  curves  of  increase  and  decrease  of  luminosity  during 
and  after  illumination ;  in  other  words,  the  rate  of  increase  or  of 
decrease  at  any  intensity  of  phosphorescence  depends  upon  the 
previous  treatment  which  the  luminous  material  has  undergone. 
This  is  a  fact  which  E.  Wiedemann^  had  noticed  in  the  case  of 
Balmain's  luminous  paint  and  which  he  stated  to  be  true  of  the 
sulphides  of  the  alkaline  earths,  either  from  a  knowledge  of  the 
constituents  of  the  paint  or  from  independent  observations  made  on 
these  sulphides. 

The  peculiarity  may  be  shown  by  means  of  the  present  curves  as 
follows :  Assume  that  there  are  definite  curves  such  as  shown  in 


Fig.  9. 

Fig.  9,  curve  (i)  being  for  increase  and  (2)  for  decrease  of  lumin- 
osity.    Then  when  the  cylinder  of  material  has  reached  a  steady 

>Weid.  Annalcn,  37,  177;  1889;  Phil.  Mag.,  15-28,  149,  1889. 
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condition  for  a  certain  speed  of  rotation  and  a  certain  intensity  of 
illumination,  the  material  is  going  through  some  such  cycle  as  a^  by^ 
b^  a^  for  each  revolution  of  the  cylinder.  Observation  by  the  spec- 
trometer is  made  as  the  material  passes  the  slit,  namely,  at  the  con* 
dition  represented  on  the  curve  (2)  by  the  point  c.  Now  since  the 
increase  in  intensity  from  a^  to  b^  is  equal  to  the  decrease  from  b^  to 
^2*  the  ratio  of  the  slopes  of  the  two  curves  at  this  intensity  is  equal 
to  the  inverse  ratio  of  the  times  of  illumination  and  insulation.  But 
we  can  work  at  the  same  intensity  of  phosphorescence  by  decreas- 
ing the  width  of  the  aperture  a  and  increasing  the  speed  of  rotation  . 
in  so  doing  we  have  changed  the  above  ratio  of  times  and  conse- 
quently have  no  determined  slope  for  the  curves  at  the  intensity 
considered. 

So  far,  therefore,  as  the  present  observations  are  concerned  the 
behavior  of  the  calcium  sulphide  will  have  to  be  defined  in  terms  of 
the  apparatus  used.  There  seems  to  be  no  way  of  so  combining 
the  results  as  to  show  the  behavior  in  a  more  absolute  manner. 
For  this  reason  it  is  unnecessary  to  give  the  various  times  of  illumi- 
nation and  of  insulation  in  more  detail  than  is  done  in  the  preced- 
ing pages  and  accompanying  figures. 

Dept.  of  Physics,  Cornell  Univ.,  June,  1899. 
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THE    PHOTOMETRIC   STUDY  OF  MIXTURES  OF  ACE- 
TYLENE   AND    HYDROGEN    BURNED    IN   AIR. 

By  Leon  \V.  Hartman. 

THE  steady  advance  of  acetylene  as  an  illuminant  justifies 
any  investigation  of  the  light  and  color  properties  of  the 
acetylene  flame  burned  under  varying  conditions.  This  investiga- 
tion will  be  devoted  primarily  to  studying  the  photometry  and  the 
spectrophotometry  of  the  flame  produced  by  burning  in  air  varying 
mixtures  of  acetylene  and  hydrogen. 

Very  little  reliable  information  concerning  the  cost  and  efficiency 
of  acetylene  as  an  illuminant  has  been  given  in  recent  years.  Violle  ^ 
found  that  an  acetylene  burner  giving  100  candle  power  under  a 
pressure  of  30  cm.  water,  was  twenty  times  more  efficient  than  a 
coal  gas  burner  of  the  Bengel  type  giving  one  carcel,  or  9.6  candles 
per  105  liters;  and  at  least  six  times  more  efficient  than  the  same 
coal  gas,  burned  in  an  Auer  burner,  giving  one  carcel  per  36  liters  of 
gas  burned.  Although  in  1 896  acetylene  cost  in  Paris  five  times  as 
much  per  cubic  meter  as  ordinary  illuminating  gas,  yet  it  was  more 
economic  as  an  illuminant  since  it  gives  fifteen  times  more  light  for 
an  equal  volume.^  Hospitalier^  made  a  comparison  of  the  cost  per 
carcel  hour  between  a  number  of  illuminants,  from  which  he  con- 
cludes that  acetylene  is  about  one-third  as  expensive  as  the  incan- 
descent lamp  and  about  one-fourth  as  costly  as  ordinary  gas  burning 
in  the  butterfly  tip.  In  this  connection  the  results  obtained  by 
Wedding  are  interesting.^  He  studied  the  effect  upon  candle  power 
of  adding  acetylene  in  varying  proportions  to  ordinary  illuminating 
gas.  He  found,  for  example,  that  without  acetylene  the  burner 
consumed  fifteen  liters  per  bougie  hour,  and  that  with  twelve  parts 
of  acetylene  per  hundred  the  burner  burned  four  liters  per  bougie 


*L'feclairage  felectrique,  VI.,  p.  319,  1896. 
^L'feclairage  felectriquc,  VI.,  pp.  133-4,  ^^ 
<L'£clairage  felectrique,  VI.,  p.  88,  1896. 
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hour.  His  results  are  indicated  in  Fig.  i ,  where  specific  consumption, 
or  the  amount  consumed  per  hour,  is  plotted  as  ordinates  and  the 
percentage  of  acetylene  as  abscissae. 
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Fig.   1. 
Wedding's  curve,  showing  relation  between  specific  consumption  and  percentage  of 
acetylene  in  illuminating  gas. 

It  has  been  found  that  the  gas  as  it  is  given  off  from  the  acetylene 
generator  contains  impurities.  In  a  number  of  the  continental  cities 
of  Europe  where  this  gas  is  used  on  a  large  scale  as  an  illuminant, 
the  removal  of  these  impurities  was  a  serious  problem.  It  is  well 
known  that  the  peculiar  pungent  odor  of  common  acetylene  is  due 
to  the  presence  of  phosphoretted  hydrogen.  To  remove  this, 
Lunge  and  Cedercreuze  suggest  the  use  of  calcium  hypochlorite.^ 
More  serious  still  are  two  other  impurities  found  in  ordinary  acety- 
lene, viz.,  arsine  and  hydrogen  sulfide.  In  a  series  of  analyses  of 
common  acetylene  Giraud  found  ^  in  a  cubic  meter  of  gas  these  im- 
purities in  sufficient  quantities  to  warrant  considerable  prudence  in 
the  use  of  the  gas. 

Several  methods  of  purifying  the  gas  have  been  suggested.  The 
following  simple  method  of  removing  these  impurities  has  been  used 
by  Berge  and  Reycher.*  The  gas  from  the  generator  was  first 
passed  through  a  solution  of  caustic  potash.  This  removed  the 
hydrogen  sulfide  by  the  precipitation  of  potassium  sulfide.     The  gas 

*  Electrician,  XLI.,  p.  517. 

'L'feclairagcfelcctrique,  VIII.,  p.  319,  1896. 

•Bulletin  de  la  Soci6t6  Chemique  de  Paris,  XVIII.,  p.  218,  1897. 
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was  then  passed  through  two  Wolff  bottles  in  series  each  containing 
a  solution  of  mercuric  chloride,  which  had  been  slightly  acidified  by 
adding  dilute  hydrochloric  acid.  Probably  the  resulting  products 
were  the  phosphide  and  the  arsenide  of  mercury,  in  which  there  was 
doubtless  some  crystalline  mercuric  chloride.  After  passing  the 
gas  through  these  solutions  Giraud  found  it  free  from  these  obnox- 
ious impurities.  Their  method  was  followed  in  this  investigation 
whenever  purified  acetylene  was  used. 

Turning  to  the  photometry  and  the  spectrophotometry  of  acety- 
lene, one  is  confronted  by  the  fact  that  there  is  an  exceedingly 

small  amount  of  pub- 
lished matter  on  this 
phase  of  the  subject. 
Violle  ^  mentions  some 
photometric  and  spec- 
trophotometric  work 
which  he  did  with  acety- 
lene. The  results  of  his 
photometry  have  already 
been  given.*  As  a  result 
of  his  other  work  he 
says  :  **  The  spectropho- 
tometer shows  besides 
that  in  all  the  extent  of 
the  spectrum  from  C  to 
F  that  the  light  of  ace- 
tylene differs  little  from 
that  of  fused  platinum.** 
He  describes  the  burner 
used  and  the  diaphragm 
in  front  of  the  flame ; 
this  part  of  his  apparatus 
was  almost  identically 
the  same  asjthe  secondary  standard  used  in  this  investigation. 
This  standard  will  be  described  later.     Fery,  ''On  the  photometry 


Fig.  2. 

Spectrophotometric  curves  by  Sharp.  A — Acety- 
lene in  oxygen.  B — Acetylene,  50%,  and  hydrogen, 
50%,  in  oxygen.  C — Acetylene  in  air.  D — Kero- 
sene lamp. 


»C.  R.,  CXXII. 
«Vide,  p.  I. 


,  p.  79-80;  L'feclairage  felectrique,  VI.,  p.  178,  1896. 
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of  acetylene/'^  used  the  Carcel  lamp  as  a  standard;  also  the 
Drummond  and  magnesium  lamps.  He  likewise  gives  neither  data 
nor  curves. 

The  Physical  Department  placed  at  my  disposal  a  lantern  slide 
on  which  were  spectrophotometric  curves  ^  of  acetylene  burning  in 
oxygen,  acetylene  fifty  per  cent,  and  hydrogen  fifty  per  cent,  burn- 
ing in  oxygen,  acetylene  burning  in  air,  all  of  which  sources  were 
compared  with  the  kerosene  lamp  as  a  standard.  Inasmuch  as  these 
curves  are  very  closely  related  to  the  subject  under  consideration, 
they  have  been  incorporated  in  this  resume  and  are  given  in  Fig.  2. 

Apparatus  and  Methods. 

The  acetylene  used  in  this  investigation  was  generated  in  a  gen- 
erator designed  by  Dr.  Sharp  of  the  Physical  Department  and  made 
expressly  for  the  work  in  this  laboratory.  The  gas  was  stored  in 
tanks  over  water  saturated  with  acetylene. 

The  mixtures  of  acetylene  and  hydrogen  were  likewise  stored  in 
tanks  over  water  saturated  with  acetylene.  At  first  thought,  this 
might  appear  to  be  an  unsatisfactory  method  since  the  percentage 
composition  would  be  very  apt  to  change,  either  by  the  water  in 
the  tank  absorbing  or  giving  off  acetylene.  Professor  Lewes* 
found,  in  a  similar  mixture  stored  over  water,  that  the  proportion 
of  acetylene  present  iH  the  gas,  as  determined  by  analysis  at  the 
burner,  was  not  the  same  as  in  the  gas  within  the  holder,  although 
the  water  in  both  meter  and  holder  was  saturated  as  far  as  pos- 
sible with  the  gas.  Yet,  as  his  analyses  show,  the  precaution  of 
analyses  at  the  burner  was  an  important  one.  Accordingly  in 
each  case  as  the  gas  came  off  from  the  tank,  after  having  been 
thoroughly  mixed,  two  or  more  analyses  of  the  mixture  were  made 
at  the  burner.  In  analyses  made  at  the  beginning  and  at  the  end 
of  a  set  of  observations,  in  which  time  two  or  three  hours  might 
elapse,  no  noticeable  change  was  observed.  If  an  interval  of  sev- 
eral days  intervened  between  two  analyses  of  a  given  mixture,  a 
change  of  two  or  three  per  cent,  might  occur. 

»L'£clairagc  felectrique,  VIII.,  p.  54,  1896. 

•These  currcs  were  plotted  by  Dr.  C.  H.  Sharp  from  data  that  he  had  taken  in  this 
laboratory. 

•Chemical  News,  LXXI.,  p.  190,  1895. 
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The  method  of  analysis  was  as  follows  :  It  was  known  that  an 
ammoniacal  solution  of  cuprous  chloride  would  absorb  acetylene, 
forming  copper  acetylide,  while  the  hydrogen  would  not  be  affected. 
Hence  measuring  out  lOO  c.c.  of  the  mixture  in  a  Hempel  burette 
and  then  passing  the  gas  into  a  compound  Hempel  pipette  for 
solids  and  liquids  containing  such  an  ammoniacal  cuprous  chloride 
solution,  the  acetylene  would  be  wholly  absorbed.  Upon  passing 
the  remainder  of  the  gas  back  into  the  burette  the  percentage  of 
acetylene  could  be  read  directly.  The  preparation  of  the  ammo- 
niacal cuprous  chloride  solution  was  according  to  Sandmeyer's 
method.^ 

Throughout  this  work  two  general  types  of  burner  have  been 
used.  One  form  of  burner  was  made  by  drilling  a  very  small  hole 
through  a  tightly  fitting  brass  plug,  which  replaced  the  lava  tip  in 
an  ordinary  gas  burner.     The  second  type  was  the  Nephey  burner. 

Three  forms  of  this  were  used ;  a 
single,  a  double  and  a  triple  burner. 
Figs.  3  and  4  will  help  to  explain  this 
form  of  burner.  The  essential  feature 
is  the  lava  tip,  of  which  Fig.  3  is  an 
enlarged  lateral  section  and  Fig.  4  is 
a  trans -section.  The  outlet  of  the  tip 
is  a  minute  passage  through  the  lava, 
ending  in  a  chamber  at  the  apex  of  a 
flat  cone.  Several  passages,  a^  at  reg- 
ular intervals  extend  from  this  chamber  to  the  atmosphere  outside, 
thus  allowing  the  gas  to  mix  with  air  before  it  escapes  through  the 
larger  bore,  ^,  at  the  end  of  the  tip.  The  single  tip  gives  an  elon- 
gated cylindrical  flame  ending  in  a  tip  very  similar  in  shape  to  that 
of  the  Bunsen  burner.  In  the  triple  burner,  the  three  tips  are 
arranged  as  in  Fig.  5.  Each  flame  impinges  upon  the  others  at  an 
angle,  thus  producing  a  broad  fan-shaped  flame,  whose  plcme  is  at 
right  angles  tothe  plane  containing  the  three  tips.  In  the  double 
burner  the  central  tip  of  the  triple  burner  is  wanting.  The  purpose 
of  this  type  of  burner  is,  obviously,  to  secure  complete  combustion ; 
it  was  therefore  used  when  the  percentage  of  acetylene  was  high. 

J  Berichte  dcr  Deutschen  Chemischen  Gesellschaft,  XVII.,  p.  1633  b. 


Fig.  3. 

Lateral  Section  of 

Lava  Tip. 


Fig.  4. 

Trans-section  of 

Lava  Tip. 
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Fig.  5. 
The  Triple  Burner. 


As  a  primary  color  standard  in  the  spectrophotometric  work,  the 
Hefner  lamp  was  used.  As  a  primary  standard  in  the  photometric 
work,  a  standard  incandescent  lamp  was  used. 
As  a  secondary  standard,  however,  the  triple 
Nephey  burner  was  found  to  be  very  satisfactory. 
It  was  observed  that  the  central  portion  of  the 
flame  appeared  uniform  throughout  a  consider- 
able range  of  pressure.  Touse  this  limited  por- 
tion of  the  flame,  an  half-inch  diaphragm  was 
fastened  on  the  burner  so  that  the  diaphragm 
was  in  front  of  this  uniform  ^area.  Thus,  the 
triple  Nephey  burner  under  a  given  pressure  was 
used  as  a  secondary  standard  in  the  spectropho- 
tometric work. 

To  obtain  the  various  measurements  of  gas  pressure,  a  pair  of 
burettes  graduated  in  tenth  centimeters  and  bent  into  U -tubes,  were 
filled  with  colored  water  and  used.  By  means  of  a  glass  Y  in  the 
tube  leading  to  the  burner,  the  pressure  on  the  burner  could  be 
measured.  To  prevent  rapid  evaporation  of  the  water  the  free  end 
of  the  U-tube  contained  a  cork  having  a  small  groove  cut  along  its 
sides.  Whenever  measurements  involving  volume  of  gas  were  re- 
quired, a  standard  Elster  gas  meter  was  used. 

For  the  photometric  work  a  track  divided  into  one  thousand 
divisions  was  used.  Upon  this  track  the  photometer  could  be 
moved  back  and  forth  until  equal  intensities  were  secured,  and  the 
reading  was  then  taken.  The  lamp  at  one  end  of  the  bar  being  a 
standard  16  candle-power  incandescent  lamp,  the  intensity  of  the 
unknown  source  could  be  readily  computed.  Two  photometers 
were  used :  a  Lummer-Brodhun  and  a  Bunsen  disk  photometer. 
The  former  was  preferable  in  cases  where  the  color  of  the  two 
sources  was  alike,  and  in  cases  where  the  intensities  were  weak. 
The  disk  photometer  gave  better  service  when  the  intensities  were 
strong,  and  when  the  color  of  the  two  sources  was  unlike. 

The  stationary  horizontal  slit  spectrophotometer  used  in  this  in- 
vestigation was  devised  by  Professor  Nichols  and  is  fully  described 
elsewhere.^ 

'Physical  Review,  Vol.  II.,  No.  8 ;  Nichols'  Laboratory  Manual,  Vol.  II.,  p.  360. 
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The  first  results  of  photometry  with  the  secondary  standard  were 
very  unsatisfactory.  The  candle-power  for  given  pressure  varied 
more  or  less  from  day  to  day.  To  remedy  this  error  a  gas  cushion 
was  introduced  in  the  tube  leading  from  the  Y  to  the  burner.  This 
gas  cushion  was  made  by  soldering  into  the  ends  of  a  liter  tin  can 
two  pieces  of  metal  tubing,  over  which  the  rubber  tubing  of  the 
burner  fitted  tightly.  At  the  orifice  of  the  can  nearer  the  burner 
was  a  minute  diaphragm.  The  result  of  this  change  was  to  pro- 
duce a  more  constant  flow  of  gas  and  to  give  a  uniform  candle- 
power  under  a  given  pressure.  It  is  needless  to  say  that  at  each 
observation  the  primary  standard  (/.  ^.,  the  standard  i6  candle- 
power  incandescent  lamp)  was  adjusted  at  1 6  candle-power  by 
bringing  its  voltage  to  the  proper  value,  and  the  unknown  source 
was  always  carefully  adjusted  in  position. 

In  the  first  series  of  spectrophotometric  measurements,  consider- 
able difficulty  was  experienced  in  getting  the  two  fields  of  the  tele- 
scope exactly  uniform  in  intensity.  Although  the  field  is  very 
narrow  and  therefore  free  from  a  mixture  of  different  wave-lengths, 
yet  its  great  extent  from  right  to  left  made  it  extremely  difficult  to 
decide  when  the  two  fields  were  equally  bright.  For  example,  if 
the  eye  could  be  held  in  a  position  where  the  line  of  sight  to  the 
narrow  dark  division  between  the  two  fields  was  coincident  with  the 
principal  axis  of  the  lens  system  of  the  telescope,  there  ^Vould  be 
no  difficulty ;  but  if,  when  the  intensities  of  the  two  fields  were 
the  same,  the  head  were  moved  slightly  to  the  right,  the  left  field 
would  appear  the  brighter ;  and  vice  versa.  To  overcome  this  a 
thick  wooden  cap  was  fitted  over  the  eyepiece  of  the  telescope 
and  through  the  center  of  this  cap  a  hole  about  ^  millimeter  in 
diameter  was  bored.  This  cut  down  the  length  of  the  field  within 
narrow  limits.  To  see  the  line  of  division  between  the  two  fields 
after  this  change,  the  line  of  sight  had  to  approximately  coincide 
with  the  principal  axis  of  the  lens  system  of  the  telescope. 

To  avoid  any  instrumental  error  in  the  spectrophotometric  work, 
the  standard  source  and  the  unknown  source  were  frequently 
interchanged.  Accordingly,  two  sets  of  data  were  often  obtained 
R)r  a  given  mixture.  The  curves  showed  no  marked  change  in 
fL»rni  as  a  result. 
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Curves  and  Results. 
The  calibration  of  apparatus  was  naturally  the  first  work  to  be 
performed.  The  spectrophotometer  was  calibrated  by  identifying 
the  principal  Fraunhofer  lines  of  the  solar  spectrum,  whose  wave- 
lengths were  known,  and  noting  the  position  of  the  telescope  on  the 
graduated  scale  along  which  it  moves.  Plotting  wave-lengths  for 
abscissae  and  scale  readings  for  ordinates  a  straight  line  resulted. 
The  Vierordt  slits  of  the  spectrophotometer  collimator  were  also 
calibrated  by  measuring  under  a  microscof)e  the  width  of  the  slits 
for  a  given  turn  of  the  screw. 

It  was  found  desirable  to  know  the  rate  of  flow  of  gas  with  change 
of  pressure.  To  determine  this,  the  single  tipped  Nephey  burner 
^-as  calibrated  by  allowing  the  gas  to  flow  through  a  standard 
Elster  gas  meter  in  series  with  the  burner.  Thus,  choosing  certain 
pressures  and  keeping  them  constant  for  five  or  ten  minutes,  and 
then  noting  the  exact  volume  of  gas  that  passed  in  the  given  time, 
one  had  sufficient  data  for  a  curve.  Plotting  liters  per  minute  as 
ordinates  and  pressures  in  centimeters  as  abscissae,  the  resulting 
curve  was  approximately  a  parabola.  Calibrating  the  half-foot 
Nephey  burner  likewise,  another  parabola  was  obtained.  In  these 
measurements  the  pressures  were  carried  up  until  the  flames  began 
to  hiss  violently.  As  soon  as  hissing  begins  the  parabolic  form  of 
curve  does  not  appear  to  continue. 

In  this  connection  it  will  be  interesting  to  note  the  results  that 
were  obtained  by  burning  purified  acetylene,  under  varying  pres- 
sures, as  a  standard  of  light.  The  burner  used  was  the  triple  Nephey 
burner  with  the  diaphragm.  As  a  result  of  a  series  of  measure- 
ments, taken  under  varying  atmospheric  conditions,  the  curve  in 
Fig.  6  was  drawn.  With  but  few  exceptions  the  variation  of  the 
measurements  from  this  curve  was  less  than  one  per  cent.  These 
reults  suggest  the  possibility  of  using  purified  acetylene,  burning 
under  the  conditions  described,  as  a  standard  source  of  candle- 
power.  This  phase  of  the  subject  is  worthy  of  a  more  thorough  in- 
vestigation than  time  permitted  here.  The  method  of  purifying  the 
gas  has  already  been  described. 

Reference  has  been  made  to  the  difficulty  encountered  in  making 
the  spectrophotometric  measurements  and  to  the  method  adopted  in 
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overcoming  it.  But  still  there  was  a  possibility  of  a  considerable 
range  in  making  the  settings  of  the  slit.  To  lessen  the  probability 
of  error  in  these  measurements,  the  following  criterion  was  adopted. 
The  slits  on  the  side  of  the  unknown  source  were  opened  to  a  given 
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Fie.  6. 
Candle-power.     Pressure  curve  with  purified  acetylene. 

position  for  the  set  of  observations  in  question.  Three  settings  of 
the  other  slits  were  then  made,  in  which  great  care  was  exercised  to 
get  the  two  fields  of  the  telescope  exactly  the  same  in  intensity,  and 
then  the  mean  of  these  three  readings  was  taken.  In  turn  several 
settings  of  these  slits  (/.  ^.,  the  slits  on  the  side  of  the  secondary 
standard)  were  taken,  until  eight  readings  were  obtained,  no  one  of 
which  varied  from  the  mean  of  the  first  three  readings  by  more  than 
six  or  eight  division^.  The  mean  of  these  eight  readings  was  then 
taken  as  the  width  of  the  slits  on  the  side  of  the  secondary  standard. 
The  drum  on  the  side  of  the  unknown  source  was  generally  set  at 
50  or  100  divisions. 

It  is  obvious  that  if  /,  denote  the  intensity  of  the  secondary  stand- 
ard and  /  the  intensity  of  the  unknown  source,  and  if  W^  denote 
the  width  of  slit  set  for  the  standard  and  fF  the  width  for  the 
unknown  source,  the  following  relation  is  true 
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If  we  consider  /  unity,  the  intensity  of  the  unknown  source  may 
be  taken  as  the  ratio  of  the  slit  widths.  Plotting  wave-lengths  as 
abscissae  and  intensities,  or  ratio  of  slit  widths  as  ordinates,  a  set  of 
curves  was  obtained.  Finally,  the  value  of  the  ordinate  correspond- 
ing to  the  D  line  was  taken  from  each  curve  and  called  unity.  Each 
point  upon  the  given  curve  is  then  reduced  to  the  same  scale  by 
using  the  value  of  the  ordinate  corresponding  to  the  wave-length 
0.589  //  as  a  dividing  factor.  Plotting  these  new  ratios  as  intensities 
and  wave-lengths  as  abscissae,  another  set  of  curves  was  obtained, 
a  few  of  which  are  given  in  Fig.  7. 
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Fig.  7. 
Hydrogen-acetylene  spectrophotometris  curves. 

From  a  study  of  these  curves  it  will  be  seen  that  the  acetylene- 
hydrogen  flame  is  richer  in  the  short  wave-lengths  than  the  flame 
of  the  secondary  standard  burning  common  acetylene.  Moreover, 
the  color  properties  of  the  flame  c^pear  to  be  independent  of  the 
amount  of  hydrogen  in  the  mixture.  Upon  going  to  the  limit  this 
statement  would  not  hold  true. 
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It  may  be  well  to  note  that  in  these  curves,  by  percentage  of 
acetylene  is  meant  the  percentage  of  acetylene  by  volume  as  de- 
termined by  two  or  three  analyses  of  the  given  mixture.     These 
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Fig.  8. 
Variation  of  candle-power  of  the  brass  tip  with  change  of  percentage  of  acetylene  in 

the  mixture. 

analyses  were  usually  made  within  an  hour  of  each  other  and  the 
mean  was  then  taken.     If  the  percentage  of  acetylene  in  the  mixture 
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Fig.  9. 
Variation  of  candle-power  of  the  small  lava  tip  with  change  of  percentage  of  acetylene  in 

the  mixture. 

was  above  forty  per  cent.,  the  lava  tip  was  generally  used  at  a  gas 
pressure  of  ten  centimeters  ;  if  the  percentage  of  acetylene  was  below 
forty  per  cent.,  the  brass  tip  was  used  at  a  gas  pressure  of  four  centi- 
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meters.  The  brass  tip  was  used,  however,  to  obtain  candle  power 
throughout  a  wide  range  of  percentages. 

If  the  percentage  of  acetylene  in  the  various  mixtures  be  plotted 
as  abscissae  and  the  candle-power  of  the  brass  tip  be  taken  as  ordi- 
nates  of  one  curve  and  the  candle-power  of  the  lava  tip  be  taken  as 
ordinates  of  another  curve,  the  curves  in  Fig.  8  and  Fig.  9  are  ob- 
tained. In  the  case  of  the  brass  tip,  it  will  be  seen  that  the  candle- 
power  reaches  a  maximum  and  then  falls  away  with  increasing  per- 
centage of  acetylene.  This  is  due  to  the  incomplete  combustion  of 
the  gas  after  a  given  percentage  of  acetylene  in  the  mixture  has  been 
reached.  In  case  of  the  lava  tip,  the  flame,  with  low  percentages  of 
acetylene,  appears  much  like  the  flame  of  burning  hydrogen ;  at 
first,  it  slowly  increases  in  candle  power  with  increasing  percentage 
of  acetylene,  and  does  not  reach  the  stage  of  incomplete  combustion 
as  is  shown  by  the  curve. 

In  conclusion,  I  desire  to  call  attention  to  the  difficulty  that  was 
experienced,  in  the  first  series  of  observations,  in  determining  the 
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curvature  of  the  curves  obtained  from  the  spectrophotometric  meas- 
urements. For  example,  one  would  hesitate  before  saying  that  the 
two  curves  in  Fig.    10  are  incorrect,  yet  their  curvature  is  directly 
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opposite  to  that  in  the  curves  of  Fig.  7.  The  results  of  my 
first  measurements,  giving  the  uniform  curve  on  the  left  side  of 
Fig.  10,  prejudiced  me  for  a  time  in  favor  of  that  form  of  curve. 
The  majority  of  my  curves,  however,  had  a  downward  inflection. 
This  led  me  to  plot  all  of  the  curves  of  doubtful  curvature  with  as 
much  of  a  downward  inflection  as  I  could  consistently  give  them. 
I  am  inclined  to  believe,  however,  that  the  amount  of  curvature  has 
but  little  significance.  These  two  curves  are  the  only  ones  that 
have  been  rejected  because  of  their  curvature  and  they  are  intro- 
duced here  to  show  what  apparently  consistent  curves  it  is  possible 
to  get  in  similar  measurements. 

Physical  Laboratory  of  Cornell  University,  June  30,  1899. 
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A  PHOTOGRAPHIC  STUDY  OF  ELECTROLYTIC  CELLS. 
By  Rolla  R.  Ramsey. 

\  T  7HILE  making  preliminary  experiments  with  a  view  of  using 
^  ^  Topler's  "  Schlierenapparat  '*  ^  as  a  possible  means  for  the 
study  of  vibrating  films  as  suggested  by  Dr.  A.  G.  Webster,  the  idea 
occurred  to  me  of  using  the  apparatus  to  study  electrolytic  action. 
The  apparatus,  as  shown  in  diagram,  is  arranged  as  follows :  5i  is 
an  illuminated  adjustable  slit,  the  image  of  which,  by  means  of  the 
lens,  Zj,  is  thrown  on  a  second  adjustable  slit,  S^     An  electrolytic 

p  Si 
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■< 760CM.  \ 

Fig.    1. 

cell,  C,  is  placed  between  L^  and  S^  near  to  Ly  The  image  of  C  is 
projected  on  the  plate  in  the  camera  at  P  by  means  of  two  lenses 
L^  and  M,  Zj  is  an  achromatic  lens  of  5  cm.  diameter  and  93  cm. 
focal  length.  Z^  is  a  photographic  lens  of  25.5  cm.  focal  length. 
A/*  is  a  3  cm.  focal  length  microscope  objective.  5j  is  illuminated 
with  sunlight  by  means  of  a  cylindrical  lens  Z3  and  a  heliostat  H, 
The  principle  of  the  *' Schlieren-methode  *'  is,  that  if  the  medium 
between  Sy  and  S^  is  homogeneous,  then  the  image  of  5^  will  be 
brought  to  a  sharp  focus  at  S^,  which  has  been  placed  at  the  con- 
jugate focus  of  Sy  If  the  slit  of  S^  is  made  to  coincide  with  the 
image  of  5,,  then  the  illumination  on  the  screen  P  will  be  uniform. 
Moving  the  slit  S^  up  will  intercept  the  light  and  the  screen  will 
suddenly  become  dark.  If  the  medium  between  5,  and  S^  is  not 
homogeneous,  then  the  image  of  5j  will  not  be  sharp  and  moving 
5*2  up  will  intercept  the  light  from  certain  portions  of  the  field,  caus- 
ing it  to  be  blotched  or  spotted,  "  Schlieren."  Intercepting  the  lower 
part  of  the  image  will  cause  certain  portions  to  be  light,  while  in- 
tercepting the  upper  will  illuminate  what  was  dark  in  the  first  case 
and   darken   the   former   bright   portions.      The   homogeneity   of 

» Pogg.  Ann.,  131,  -^i  and  180,  1867. 
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medium  will  be  violated  by  heating  the  air,  by  inserting  a  cell  in 
which  liquids  of  different  densities  are  placed,  or  by  an  electrolytic 
cell  having  a  current  flowing  through  it.  The  cell  C  is  made  of 
two  pieces  of  plane  optical  glass,  the  inside  dimensions  of  which  are, 
width  2.2  cm.,  thickness  .4  cm.  The  electrodes  are  made  of  strips 
of  commercial  sheet  zinc.  The  electrolyte  is  a  10%  solution  of 
sine  sulphate  (10  gm.  ZnSO^  in  90  cu.  cm.  of  water).  The  solu- 
tion is  a  clear  liquid,  which,  when  placed  in  the  cell,  has  every  ap- 
pearance of  water  to  the  naked  eye. 

The  accompanying  photographs  will  illustrate  the  results.     No. 

2  shows  the  current  passing  up  through  the  electrolyte.  Since  the 
anode  is  being  dissolved  and  the  cathode  plated,  we  have  changes 
of  density  at  the  two  electrodes.  A  dense  solution,  wjhich  is  s^pn 
to  be  falling,  is  formed  at  the  anode.  A  corresponding  light  solu- 
tion, which  rises  to  the  surface,  is  formed  at  the  cathode.  The  por- 
tion between  the  two  electrodes  is  uniform  and,  therefore,  the  ap- 
pearance is  dark.  The  light  in  this  case  is  taken  from  the  upper 
part  of  the  slit  In  No.  4  we  have  the  same  cell  except  that  the 
current  is  reversed,  that  is,  passing  down  through  the  solution. 
The  dense  solution  is  falling  from  the  anode  and  the  rare  is  rising, 
making  a  variable  density  between  the  two  electrodes.  Light  is 
taken  from  the  upper  part  of  slit  the  same  as  in  No.  2.  No. 
15  shows  vertical  electrodes.  The  current  causes  a  stream  of 
dense  solution  to  flow  from  the  anode.  No.  1 5  also  shows  a  charac- 
teristic stratification  of  the  solution  between  the  two  electrodes.  A 
horizontal  layer  of  dense  liquid  is  invariably  formed  at  the  lower 
extremities  of  the  electrodes.  Light  is  taken  from  the  center  of  the 
slit.  No.  1 1  is  taken  from  a  5  cm.  cubical  cell  made  of  plate  glass 
with  horizontal  plate  electrodes.  The  current  is  passing  down 
through  the  liquid.  The  light  is  taken  from  the  upper  part  of  the 
slit.  Nos.  32  and  33  illustrate  the  difference  in  the  effect  by  taking 
light  from  the  upper  or  lower  portions  of  the  slit.  No.  32  was 
taken  from  the  lower  part  of  the  slit,  while  No.  33  was  taken  from 
the  upper.  They  were  taken  one  after  the  other  as  quickly  as  pos- 
sible, the  only  change  being  that  of  moving  S^  up  a  short  distance. 
It  will  be  noticed  that  one  is  the  exact  negative  of  the  other. 

The  time  of  exposure  varied  from  one  to  four  seconds,  although 
plates  were  taken  with  an  ordinary  instantaneous  shutter. 
Clark  University,  June  14,  1899. 
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NEW  BOOKS. 

An  Introduction  to  the  Mathematical  Theory  of  Attraction,     Fran- 

as  A.  Tarleton.     Pp.  xi+290.     New  York,  Longmans,  Green  & 

Co.,  1899. 

The  mathematical  treatment  of  the  theory  of  attraction  from  the 
point  of  view  from  which  it  has  been  actually  developed,  that  of  direct 
action  at  a  distance,  is  necessarily  of  great  intrinsic  interest  to  the  mathe- 
matician ;  but  its  prime  importance  to  the  mathematical  physicist  is  due 
to  the  feet  that  the  mathematical  analysis  and  the  actual  body  of  formulae 
which  owed  their  origin  to  the  old  theory  have  proved  to  be  applicable 
not  only  to  electrostatics,  but,  with  very  little  modification,  to  such  ap- 
parent dissimilar  subjects  as  the  flow  of  fluids  (including  heat  and 
electricity)  and  stress  and  strain  in  elastic  solids. 

Now  it  is  true  that  electrostatics  can  be  treated  in  part  from  the  point 
of  view  of  action  at  a  distance,  but  many  of  the  most  important  phe- 
nomena depend  upon  the  condition  of  the  intervening  medium,  the  so- 
called  ** field*';  and  in  fluid  flow  and  elasticity  what  corresponds 
mathematically  to  the  **  field ''  is  the  direct  object  of  study. 

The  Newtonian  law  of  gravitation  is  so  hammered  into  the  school- 
boy from  his  earliest  days  that  when  he  comes  to  the  systematic  study  of 
the  theory  of  attraction  the  idea  of  action  at  a  distance  seems  to  him 
entirely  natural  and  simple  in  spite  of  its  philosophical  difficulties,  and 
on  this  account  our  author  in  his  laudable  endeavor  to  smooth  the  path 
of  the  student  is  undoubtedly  right  in  approaching  his  subject  from  this 
side  ;  but  after  the  ground  has  once  been  broken  too  much  emphasis  can- 
not be  laid  on  the  study  of  the  condition  of  the  intervening  medium, 
that  is,  of  the  field  of  force  due  to  the  presence  of  the  attracting  or  re- 
pelling masses.  It  seems  to  me  that  the  main  respects  in  which  the 
book  under  review  is  open  to  adverse  criticism  are  the  lack  of  this  em- 
phasis, the  scarcity  of  problems  where  numerical  results  are  demanded, 
and  the  absence  of  any  allusion  to  vectors  and  vector-functions. 

As  it  must  always  seem  ungracious  to  find  fault  with  an  author  who 
has  given  us  much,  because  he  has  not  seen  fit  to  give  us  more,  I  hasten  to 
speak  of  some  of  the  many  merits  of  the  book.  The  definitions  are  clear 
and  precise  and  not  too  numerous  ;  the  proofs  are  unusually  direct  and 
simple ;  the  propositions  are  very  well  arranged,  and,  within  the  range  to 
which  the  author  has  limited  himself,  include  about  all  that  even  the  ad- 
vanced student  is  likely  to  need ;  and  the  problems  are  abundant  even 
for  an  English  treatise,  and  are  well  selected  and  instructive. 
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The  consistent  treatment  of  the  **  columnar  **  cases,  as  if  there  were  a 
uniplanar  distribution  of  mass  acting  inversely  as  the  distance,  is  a  prom- 
inent feature  of  the  treatise,  and  one  for  which  much  can  be  said. 

The  book  is  certainly  one  from  which  the  student  who  is  thrown  on  his 
own  resources  can  obtain  a  competent  knowledge  of  the  theory  of  at- 
traction without  waste  of  labor  or  loss  of  interest,  and  this  is  no  small 
praise,  especially,  as  in  the  words  of  the  preface  "It  is  a  book  for  stu- 
dents not  for  professors. ' '  The  skillful  professor  for  whom  it  is  not  in- 
tended could  perhaps  use  with  greater  effect  on  his  class  a  judicious  com- 
bination of  Routh's  Statics,  Minchin*s  Statics,  and  Webster's  Electricity 
and  Magnetism.  W.  E.  Bv-erly. 

Cambridge,  July  10,  1899. 

Stars  and  Telescopes,  A  Handbook  of  Popular  Astronomy.  By 
David  B.  Todd.  Pp.  xvi  +  419.  Boston,  Little,  Brown  &  Co. 
1899. 

In  this  volume  Professor  Todd  has  gathered  together  the  most  impor- 
tant data  of  the  new  astronomy  in  a  form  intelligible  to  every  reader. 
The  allotment  of  space  to  astrophysics  is  relatively  much  larger  than  in 
previous  treatises  on  astronomy,  and  this  is  a  feature  which  will  render 
the  volume  useful  to  the  student  of  physics  as  well  as  to  the  student  of 
astronomy.  The  book  is  copiously  illustrated.  There  are  numerous  re- 
productions of  modem  star  photographs  and  spectra,  together  with  pic- 
tures of  the  various  types  of  apparatus  used  in  astrophysical  work.  There 
is  a  great  range  of  merit  in  these  illustrations,  some  of  which  are  ex- 
tremely satisfectory  while  others  show  all  the  worst  features  of  half-tone 
reproductions  directly  from  the  photograph.  The  list  of  references  to 
the  original  sources  with  which  each  chapter  closes  is  an  admirable  feature. 

E.  L.  N. 
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THE 

PHYSICAL    REVIEW. 


ON   THE   MAGNETIC    SHIELDING    EFFECT    OF   TRI- 

LAMELLAR   SPHERICAL   AND    CYLINDRICAL 

SHELLS. 

By  a.  p.  Wills. 

THE  subject  of  magnetic  shielding  has  already  received  consid- 
erable attention,  and,  at  the  present  day  with  the  spread  of  the 
trolley  system  and  the  consequent  increase  of  disturbing  earth  cur- 
rents, the  subject  often  demands  attention  from  those  having  to 
do  with  suspended  magnetic  systems  of  any  sort. 

For  a  long  time  it  was  the  custom  to  use  extremely  thick  single 
iron  shells  as  a  protecting  device.  A  single  shell  is  in  a  measure 
effective,  but  in  most  cases  one-J;enth  of  the  shielding  material  used 
could,  if  properly  distributed,  be  made  to  produce  many  times  the 
shielding  actually  produced  by  the  usual  distribution. 

The  advantage  to  be  gained  by  using  concentric  shells  separated  by 
unmagnetic  inter-spaces  has  been  shown  by  Professor  Riicker  and  by 
Professor  du  Bois.  The  former  has  given  a  general  solution  of  the 
problem  of  multi-lamellar  shielding  with  spherical  shells  ;  the  results 
of  this  mathematical  paper  *  are  somewhat  difficult  to  apply  in  actual 
shielding  practice  partly  because  there  is  involved  the  necessity  of 
constant  interpretation  of  the  not  very  explicit  equations  used  in  the 
spherical  harmonic  analysis.  Furthermore  the  practical  advantages 
of  cylindrical  shells  are  much  greater  than  those  of  spherical  shells. 

«  Rttcker,  I'hil.  Mag.  (5),  37,  p.  95,   1894. 
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(Convenient  cylindrical  shells  may  be  made  by  rolling  up  thin  sheet 
iron  strips  of  proper  width.)  Professor  du  Bois  ^  has  treated  the 
case  of  bi-lamellar  shielding  both  for  spherical  and  cylindrical  shells^ 
and  has,  moreover,  applied  the  results  of  his  theoretical  and  experi- 
mental investigations  in  the  construction  of  multi-lamellar  ironclad 
galvanometers.^  Experience  showed  that  in  cases  of  considerable 
disturbance  it  was  desirable  to  use  three  shields  instead  of  two  as 
a  protecting  device. 

Acting  upon  the  suggestion  of  Professor  du  Bois  the  present 
writer  has  deduced  the  general  explicit  formulae  giving  the  shield- 
ing effect  of  tri-lamellar  spherical  and  cylindrical  shells  under 
conditions  to  be  mentioned  later  and  in  such  mathematical  form  as 
to  be  readily  interpreted.  These  general  formulae  have  then  been 
applied  in  the  graphical  discussion  of  a  particular  problem  well 
adapted  to  show  the  great  advantage  to  be  gained  'by  introducing 
suitable  air  gaps  within  the  shielding  material. 

In  virtue  of  the  formal  analogy  in  the  treatment  of  the  spherical 
and  cylindrical  problems  the  corresponding  equations  for  the  two 
cases  are  given  together  at  each  step  in  the  development. 

We  shall  suppose  a  uniform  magnetic  field  of  strength  H^  to  be  im- 
pressed upon  the  system  of  shells.  We  shall  deal  with  the  case  where 
the  space  within  the  shells  is  to  be  shielded  against  H^,  Further  we 
shall  suppose  the  axes  of  the  cylinders  to  be  perpendicular  to  the 
lines  of  force ;  that  the  spherical  and  cylindrical  shells  are  concen- 
trically arranged ;  that  the  permeability  is  constant  and  equal  for 
all  shells.  This  last  assumption  involves,  of  course,  a  restriction  in 
the  values  of-//  to  those  not  exceeding,  say  .01  C.G.S.  units,  pro- 
ducing small  variations  in  the  magnetic  condition  of  the  shells  su- 
perimposed upon  their  intrinsic  magnetization  which  may  be  zero  or 
have  a  finite  residual  value.  It  is  true  that  this  limitation  invalidates 
the  discussion  for  strong  fields ;  but  when  we  remember  that  the 
trouble  with  galvanometers  arises  from  disturbing  fields  of  the 
order  of  magnitude  mentioned  we  may  rest  assured  that  our  for- 
mulae are  capable  of  practical  application  in  the  designing  of  shield- 
ing apparatus. 

>du  Bois,  Wied.  Ann.,  63,  p.  348,  1897,  and  65,  p.  I,  1898.  The  Electrician,  Vol. 
40,  1898. 

«du  Bois  and  Rubens,  Verhandl.  physik.  Gcscllsch.  Berlin,  17,  p.  100,  1898. 
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Now,  suppose  a  uniform  disturbing  field  H^  to  be  impressed  upon 
our  tri-lamellar  shielding  systems,  Fig.  i  representing  both  the 
spherical  and  cylindrical  systems.     The  letters  r^,  R^,  r^,  R^,  r^  R^, 


:^»^ 


>Hc 


Fig.  1. 

represent  the  inner  and  outer  radii  of  the  various  shells ;  the  small 
letters  always  referring  to  the  inner  radii  and  the  large  to  the  outer. 
We  shall  find  a  notation  similar  to  that  introduced  by  Professor  du 
Bois  in  his  treatment  of  the  bi-lamellar  problem  to  be  convenient. 
Itis  given  below  in  tabular  form  : 


spheres. 

Cylindera. 

-^-'-'^   \ 

»,=^: 

-^: 

«,  =  : 

A' 

A=;< 

'»=v^5 

«j=: 

1    '•'=^' 

«„  =  : 

We  shall  consider  the  cylinders  as  infinitely  long ;  but  experi- 
ence has  shown  that  the  equations  to  be  derived  hold  in  the  central 
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portion  of  cylinders  whose  length  is  not  less  than  three  or  four 
times  the  radius. 

Now  suppose  the  total  resultant  field  in  the  direction  of  //"^  within 
the  innermost  shell  to  be  denoted  by  H^y,  The  ratio  of  H^  to  H^^ 
may  be  taken  as  a  measure  of  the  effectiveness  of  the  shielding 

device.     Denote  this  ratio  by  g  then  g  =  -jf*      ^  =   <»  would,  of 

course,  mean  perfect  shielding. 

Now  it  becomes  necessary  to  find  an  equation  expressing  the  re- 
lation existing  among  the  various  quantities  entering  into  the  prob- 
lem, namely,  '•  the  shielding  ratio  "  g,  the  permeability  //  and  the 
geometrical  data  given  by  the  fs  and  iris  in  the  case  of  the  spher- 
ical shells,  the  q's  and  tis  in  the  case  of  the  cylindrical  shells. 

Fundamental  Equations. 

Since  Fig.  i  represents  a  plan  section  of  our  double  system  of 
shells,  the  axis  of  the  cylindrical  system  will  be  perpendicular  to 
the  plane  of  the  paper.  The  direction  of  the  impressed  field  is  in- 
dicated by  the  arrows.  There  will  be  produced  upon  each  of  the 
six  surfaces  of  separation  between  iron  and  air  surface  distributions 
of  "free  magnetism."  In  the  theory  of  such  distributions  it  is 
shown  that  a  distribution  upon  a  spherical  or  cylindrical  surface 
produces  within  the  surface,  when  the  impressed  force  is  uniform, 
a  uniform  magnetic  field  which  is  coincident  with  the  impressed  field 
but  acting  in  the  opposite  direction  and  of  different  intensity.  If  5* 
denote  any  one  of  the  surfaces  of  the  spherical  system  and  H^  the 
field  produced  within  5  by  the  distribution  upon  5,  th<e  theory  shows 
that  at  a  point  without  S,  P  say,  the  radial  force  produced  by  the 

distribution  upon  S  \s  —  2  -^  H^  cos  1?,  where  r  is  the  radius  of  5 

and  R  the  distance  from  the  center  of  5  to  the  point  Pznd  the  tangen- 

tial  force  at  P  (perpendicular  to  the  radial  force)  \s  ^  -^  H^  sin  <?, 

where  e?  is  the  angle  between  the  radius  to  P  and  the  impressed 
field.     With  cylindrical  shells,  for  any  surface  5  and  a  point  -Pwith- 

out  5  we  should  have  the  corresponding  forces  —  „,  H^  cos  t>,  and 
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—  jyi  ff,  sin  &.    Now  considering  the  surface  5  we  may  think  of  the 

resultant  force  within  it  to  be  made  up  of  two  parts  one  of  which  is 
due  to  causes  external  and  the  other  to  causes  internal.  Call  the 
first  H^  and  the  second  H^.  Starting  in  each  case  with  the  inner 
surface  we  may  write  down  the  following  equations,  applying  to 
both  spherical  and  cylindrical  systems. 

From  what  has  been  said  above  and  from  Fig  i  the  meaning  of 
the  notation  is  clear. 

We  do  not  require  to  know  the  exact  distribution  of  the  lines  of 
force  throughout  the  shells  but  the  quantities  //^,  H^  H^  H^,  H^, 
JI.^  must  be  such  as  to  satisfy  the  two  surface  conditions  namely : 
that  at  surfaces  of  separation  of  iron  from  air  the  tangential  com- 
ponents of  the  magnetic  force  must  be  equal  in  the  two  media  and 
that  the  normal  component  of  the  magnetic  induction  must  be  con- 
tinuous. The  first  condition,  from  what  has  been  already  said, 
may  be  seen  to  be  always  satisfied  whatever  the  values  of  H^  —  H^. 
But  in  order  that  the  condition  of  continuity  in  the  normal 'com- 
ponent of  the  magnetic  induction  be  satisfied  we  must  have  the 
following  equations  also  satisfied.  In  these  equations  /x  represents 
the  permeability  of  the  iron.  The  equations  pertaining  to  the  spher- 
ical shells  are  given  first  In  both  sets  of  equations  cos  d  occurs  as 
a  common  factor  in  both  members  of  each  equation  but  is  not  writ- 
ten down. 


Digitized  by  VjOOQ  IC 


198 


A.  P,    WILLS. 


[Vol.  IX. 


I 


51. 
II 


I 
II 


I 


^  \-k 

I 


51. 
II 


k  1  k 
0< 


II 


CI 


kA\- 


w-lw" 


I 


7  «r» « 


a. 

n 


CI 

I 

C< 

I 

^' 

CI 

I 


CI 

I 

I  i 

^^ 

CI 


CI 


i^T   ^T^     I 


CI 


^1^ 

CI 

I 

CI 

I 


afrvT 

CI 


CI 


CI 

I 


I 

I 
II 


CI 

r 


^ 


Digitized  by 


GoogI( 


No.  4.  ]  MA  GNE  TIC  SHIELDING,  1 99 

The  corresponding  set  of  equations  for  the  cylinders  is 

S     II     i     II     i     I     ^^„ 
I    ^       "      ^*      >'    -""«     I 
I     Vrvr      I     "cil-      «    «  r« 

'>,''  I  s?  I  ^       *^  p 

a-   "!/«„  ^^^  J^^      I      ^ 

a^l^  I        ft^TvT      .2  I 

^    >l^"   ^      **•      II 
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Treatment  of  Fundamental  Equations. 
From  the  set  of  equations  \S)  we  may  eliminate  the  ///s  with  the 
aid  of  the  set  {R)  giving  for  the  spherical  shells  after  combination 
and  rearrangement  of  terms  the  following  set : 
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The  corresponding  set  for  the  cylinders  is 

^5'   i5*     ^''     t::'      ^^     i3* 
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We  have  now  two  sets  of  six  linear  equations  in  the  six  quanti- 
ties //'^i  —  H^^,  one  set  corresponding  to  the  spherical  shells  and  the 
other  to  the  cylindrical  shells.  We  have  sufficient  equations  in 
each  case  to  enable  us  to  evaluate  H^y^  —  H ^  in  terms  of  the  geo- 
metrical data,  the  permeability  and  the  impressed  field. 

It  will  be  convenient  to  treat  these  equations  by  means  of  deter- 
minants, and  the  method  used  in  treating  the  spherical  problem  only 
will  be  given ;  the  cylindrical  problem  is  subject  to  a  treatment 
mathematically  analogous  to  that  indicated  for  the  spherical  prob- 
lem. 

Referring  to  the  set  of  equation.*)  applying  to  spherical  shells,  let 
the  determinant  formed  by  taking  in  order  the  coefficients  of  the  //"'s 
in  the  left-hand  member  of  the  first  equation  for  the  elements  of  its 
first  row,  the  coefficients,  in  order,  of  the  H's  in  the  left-hand  mem- 
ber of  the  second  equation  for  the  elements  of  its  second  row  and 
so  on  be  called  J.  Let  the  determinant  which  is  equal  to  J  except 
in  the  first  column,  where  in  place  of  the  elements  found  in  the  first 
column  is  put  in  the  place  of  each  element  the  common  right-hand 
member  of  the  system  of  equations  namely — (ji  —  i)//^,  be  called 
Jl.  Let  J2,  J3,  J4,  J5  and  J6  be  defined  in  an  analogous  way. 
The  determinants  thus  defined  arc  seen  to  be  of  the  sixth  order. 

We  shall  have  then  according  to  Leibnitz's  rule  for  the  solution 
of  simultaneous  linear  equations  the  following  values  of  H^  —  H^ 
pertaining  to  the  spherical  shells 

H        •'' 

^*"  J 

These  are  the  values  to  be  substituted  in  the  equation 

^.,-^.  +  ^«  +  -  +  ^, 
and  it  will  be  remembered  H^^  stands  for  the  field  within  the  inner- 
most spherical  shell  and   //  for  the  impressed  field.     From  the 
method  of  formation  of  Ji  •••  J6  it  \nll  be  seen  that  each  of  these 

dctermirkants  contains  //^  as  a  fector,  and  the  shielding  ratio  ^  ^ff- 
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is  found  from  the  equation  just  given.    Substituting  in  this  equation 
the  values  found  for  H^^  —  H^  we  get  . 

,„_,.|.,._[-±-::-]} 

and  therefore 

^^  H^^^  AH^  +  Ji  +  J2  +  ...  +  A6 

This  then  expressed  symbolically  in  determinantal  form  is  the  re- 
sult sought.  It  remains  now  to  expand  the  J's  and  reduce  the 
somewhat  complicated  resultant  expression.  It  will  be  sufficient  to 
illustrate  the  method  used  in  expanding  the  varidus  determinants 
to  consider  one  of  them  only,  say  J. 

It  is  in  the  ordinary  notation 


(A'-O. 

iF-i) 

(ji-l)         ,          (fl-i)            ,          (JX-I) 

.        -i2fi+l) 

(/•-O. 

(a^-O 

(A'-i)      .      (a*-!)          .       (A' +  2) 

.-(A^-l)^, 

(A'-l). 

0"-!) 

,        (JX-I)        .-i2fl+l)          ,-2(ji-lf\ 

^9 

3 

(/'-I). 

(A*- I) 

.           (fi  +  2)      ,-2(fi-l)^^,-2{M-l)^ 

.-'O-')^. 

ip-  0.- 

-{.2(1+1) 

,-2{M-l)fh-2(M-^)    ^.-2(^-1)^; 
Is                            's                          's 

.-20.-,)^. 

j(^  +  2), -2(;.-i)^^,,-2(;/- 1)^^,-20.- I)  3l^,-2(//-i)^;,-2(;£«i)  A3 

Multiply  the  sixth  row  by  R^\  the  fifth  by  r^\  the  fourth  by  R^\  the 
third  by  r,*,  the  second  by  R^^,  the  first  by  r^*.  To  keep  the  value  of 
the  determinant  unchanged  we  must  multiply  the  resulting  form  by 

-—-^ 5-.    Now  subtract  the  fifth  row  from  the  sixth,  the  fourth 

from  the  fifth  and  so  on  down  to  the  first  row.  These  operations 
have  not  changed  the  value  of  the  determinant.  Now  in  the  result- 
ant form  subtract  the  second  column  from  the  first,  the  third  from 
the  second  and  so  on  up  to  the  sixth.  Divide  the  sixth  row  of  the 
resultant  expression  by  R^,  the  fifth  by  r^  and  so  on  down  to  the 
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o 

o 

o 

o 

o 

o 

o   . 

o 

3/* 

o 

-3 

(/I+2)W, 

3/^ 

-(2/i+] 

[)/W„ 

-3/^/tt 

(/X+2)W, 

3A 

o 

first  row.  To  keep  the  value  of  the  determinant  unchanged  multi- 
ply the  resulting  form  ,by  -^j*  ...  r^.  Employing  the  /and  m  no- 
tation explained  on  page  195  we  may  write  the  resulting  form  of 
the  determinant  J  as  follows  : 

J  =s !     o  o  o  o  3/i  — (2/i+i) 

-3  (M+2K         3A 

-(2/1+1)^1,  -3mAi  o 

3A  o  o 

o  00 

o  00 

As  the  determinant  now  stands  Laplace's  Method  of  develop- 
ment will  be  found  convenient.  By  this  method  the  determinant  J 
is  at  once  seen  to  be  equal  an  expression  with  two  terms,  each  of 
which  is  the  product  of  two  determinants  of  the  third  order.  Using 
the  "  criss-cross  "  method  applicable  to  determinants  of  the  third 
order  the  expansion  of  these  determinants  is  easily  obtained  and 
thus  the  expansion  of  J.  In  a  similar  way  the  expansions  of 
J I  ...  J6  may  be  obtained. 

We  have  now  to  substitute  the  values  found  for  J,  J  i  ...  J6 
in  the  expression 

, ^H. 

^~   JH,+  Ji+J2+...+  J6' 

Assuming  this  to  have  been  done  and  the  proper  simplifications  and 
rearrangement  of  the  terms  to  have  been  accomplished  we  get 


S 


I 


O'-^y 


{('-A 


AA) 


(A) 


,    {2fi+  I)*  {fl  +  2)* 

+  ri 75 »*i'«u'*»'"«'"s 

(2/i+  l)(/^+2) 

A  similar  treatment  of  the  fundamental  equations  for  the  cylin- 
drical shells  gives  the  corresponding  formula 
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Equations  (A)  and  (B)  are  capable  of  transformation  into  the 
following  forms : 

A  few  experimental  determinations  of  the  shielding  ratio  of  three 
cylindrical  shells  made  of  transformer  iron  have  furnished  a  satisfac- 
tory verification  of  the  formula  (5'). 

Discussion  of  the  Equations. 

Consider  first  equations  (A)  and  (B).  g  is  seen  to  be  a  function  of 
the  geometrical  quantities  represented  by  the  /'s  and  the  f«*s,  the  q's 
and  the  «'s  and  of  the  permeability  /i.  In  both  (A)  and  {B)  the  ex- 
pression for  ^  is  of  the  third  degree  in  //.    In  both^  equals  unity  when 
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//  =  I  and  00  when  ^i  =  oo.  [These  remarks  apply  also  to  equa- 
tions {A!^  and  (^').]  If  any  one  of  the  three  shells  be  allowed  to 
vanish  we  have  the  case  of  two  shells  and  the  form  of  the  resulting 
equations  is  seen  to  be  independent  of  the  shell  which  we  choose  to 
make  vanish.  Suppose  in  the  case  of  three  spherical  shells  we  make 
the  outer  one  vanish  by  causing  the  outer  radius  to  become  equal 
to  the  inner  radius.     Equation  {A)  then  takes  the  form 

This  is  identically  the  equation  given  for  two  spherical  shells  by 
Professor  du  Bois  ^  and  a  similar  reduction  for  the  cylindrical  case 
would  give  the  corresponding  formula  for  two  cylindrical  shells.  If 
we  suppose  the  two  outer  spherical  shells  to  vanish  we  obtain  the 
well-known  formula  expressing  the  shielding  effect  of  a  single  shell 

^-,_j(^tf(,-^,). 

Referring  to  the  equations  {A),  {B),  {A*\  (5'),  it  is  to  be  noticed 
that  the  subscripts  i  and  3  may  be  throughout  interchanged  with- 
out changing  the  equations  ;  that  is  to  say  the  formulae  are  symmet- 
rical with  respect  to  the  inner  and  outer  shells. 

Of  course  {A!^  and  (^')  are  capable  of  discussion  in  a  manner 
similar  to  that  given  above  for  {A)  and  (B\  difference  of  form  in 
the  results  occurring.  The  forms  (^')  and  {B')  are  particularly 
adapted  to  a  form  of  the  discussion  to  be  given  now. 

Suppose  the  outer  shell  to  have  so  far  expanded  that  there 
is  no  **  magnetic  interference  **  between  it  and  the  middle  shell 
(/^  =  o,  m^  =  i)  and  so  far  as  to  be  also  consistent  with  the  con- 
dition that  the  middle  shell  may  so  expand  as  to  cause  the  mutual 
interference  between  it  and  the  inner  shell  to  vanish  (/j^  =  o,  Wj, 
=  1)  and  yet  the  mutual  interference  between  the  middle  and  outer 
shell  to  remain  zero.  In  this  assumed  expansion  the  ratio  of  the 
radii  of  each  shell  is  supposed  to  remain  constant  This  means,  of 
course,  that  ^3,  r^,  R^,  r^,  become  very  large.  The  field  within  the 
outer  shell  may  be  now  considered  to  act  directly  upon  the  middle 
idu  Bois,  Wied.  Ann.,  63,  p.  353.     1898. 
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shell  as  an  impressed  field ;  denote  it  by  H^,  Likewise  the  field 
within  the  middle  shell  may  be  considered  to  act  directly  upon  the 
inner  shell  as  an  impressed  field  ;  denote  it  by  H^,  Denote  the  field 
within  the  inner  shell  by  H^     We  have  now 

H^    H^    H^ 

£^  —fT  '~fT  '  ~fT  —  S%  £'2  S\ 
11^    11^    11^ 

and  have  so  expressed  what  Professor  du  Bois  designates  as  a  mul- 
tiplication of  shielding  ratios,  g^,  g^,  g^  representing  the  shielding 
effect  of  the  outer,  middle  and  inner  shell  respectively  against  the 
field  impressed  upon  each  of  them.     We  have  then 


,2 


for  it  will  be  remembered  that  the  form  of  the  expression  giving  the 

shielding  effect  of  a  single  spherical  shell  is  ^  =  ^- —m  +  i. 

Now  in  the  expansion  of  the  shells  mentioned  above  it  was  speci- 
fied that  the  ratio  of  the  inner  to  the  outer  radius  should  remain 
constant  for  each  shell.  This  means  /j,  p^  and  p^  and  therefore  ;Wj,  m^ 
and  m^  must  also  remain  constant.  So  we  may  write  equations  {A') 
and  (-5')  as  follows  : 

iA"\  tr^^^^  ,  a(^-0'  (2/i+l)(/^+2)  f  (2//+I)(a<  +  2) 
K^    )     ^-^,^,^,  +  t  ^  9/i  \  9// 

(m  _  if 

/  \2 


«^^ii9k)  [ 
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{B*')  being  derived  for  the  cylindrical  shells  in  a  manner  analogous 
to  that  used  for  {A'*).  A  consideration  of  (^")  and  (^")*shows  that 
the  combined  effect  of  the  terms  following  g^^g^g^^  is  strongly  sub- 
tractive,  that  is  the  shielding  is  much  greater  when  the  shells  are 
very  far  removed  from  one  another  and  as  we  have  seen  the  shield- 
ing ratio  in  this  case  is  equal  to  g^g^gy  We  may  think  then  of  the 
product ^j^j^3  as  representing  an  "ideal  '*  shielding  and  the  terms 
following  this  product  as  representing  the  departure  from  this  ideal 
case  caused  by  the  shells  mutually  interfering. 

If  n  is  large,  say  >  lOO,  {A)  and  {B)  may  be  simplified  as  follows 

^«  t  =  I  (/i  -  2){(i  -AAA)  +  A  (/^  +  0  (/^ 

+  2)  Wj/;/j2W/;/23W3  +  I  (/^  +  2)[(Wj;;/3  -|-  m^m^ 
{A) 

^_  I  =  |(/i  -  2)i(l  ~  ^1^3)  +  tV  (/^  +  2)'«i^ia'',«23«3 
(^1)  +  i  (/^  +   2)[(«i«3  +  «1«1  -«1«2^3)  ^12  +  («1«3  +  ''2«3 

-«lV'3)'^23-«lV^12«23]l- 

Similar  approximate  formulae  might  be  deduced  from  the  equations 
(^'),  {B%  {A'%  (5")  and  often  prove  useful. 

Graphical  Discussion  of  a  Particular  Problem, 

Professor  Riicker  has  discussed  analytically  the  question  of  max- 
imum shielding,  with  reference  to  the  weight  of  material  used,  for 
several  particular  problems.  Among  other  things  he  has  shown 
that  if  the  radius  «  of  a  spherical  shielded  space  be  fixed  and  the 
amount  of  shielding  material  given  the  latter  is  best  employed  in  the 

form  of  a  single  shell  until  a  limit  /  is  reached  defined  by  —  =  — 
^  '  a         2fx 

(approximately)  where  /  denotes  the  thickness.  So  for  a  compar^ 
atively  small  shielded  space,  since  fi  for  the  best  material  reaches  the 
initial  value  300,  it  is  only  for  extremely  thin  shells  that  the  shield- 
ing with  a  single  shell  is,  strictly  speaking,  most  economical  as 
regards  weight.     He  has  shown  further  that  with  two  and  three 
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spherical  shells  when  the  permeability  is  great  the  arrangement  with 
regard  to  minimum  weight  of  material  is  best  when  the  radii  of  the 
successive  bounding  surfaces  are  in  geometrical  progression,  the 
ratio  of  the  innermost  to  the  outermost  radius  being  supposed  given. 
Professor  Riicker's  discussion  is  limited  to  spherical  shells. 

Professor  du  Bois  has  discussed  the  bi- lamellar  case  for  both  spher- 
ical and  cylindrical  shells  when  the  innermost  radius  is  given,  and 
has  found  the  best  arrangement  to  be  that  for  which  the  radial  ratio 
of  the  air-gap  is  1.5538  for  cylindrical  shells  and  1.3815  for  spher- 
ical shells  ;  strictly  speaking  these  results  only  hold  for  two  thin  sim- 
ilar shells  (/.  £*.,  of  equal  radial  ratios);  but  the  best  radial  ratios  of 
the  air  space,  as  calculated  for  other  less  simple  cases  in  actual  prac- 
tice, never  come  out  much  different  from  the  above  values  ;  hence  for 
designing  purposes  it  may  be  roughly  fixed  between  1.3  and  1.4 
for  spheres,  and  between   1.5  and  1.6  for  cylinders. 

The  following  graphical  discussion  is  introduced  in  the  hope  of 
showing  in  a  manner  convincing  and  easy  to  understand  the  advan- 
tages of  lamination  of  the  shielding  material  and  not  with  the  in-  , 
tent  to  give  the  most  general  possible  discussion  of  the  equations 
used  in  plotting  the  curves.  At  the  same  time  it  is  hoped  that  the 
general  explicit  equations  given  above  and  the  following  illustration 
of  their  applicability  to  the  plotting  of  shielding  curves  may  be  of 
use  to  those  who  may  have  occasion  to  design  shielding  apparatus. 

We  shall  discuss  here  the  shielding  of  single,  bi-lamellar  and  tri- 
lamellar  spherical  and  cylindrical  shells  under  the  supposition  that 
the  permeability  of  the  shielding  material  is,  in  all  cases,  202,  which 
is  but  about  two-thirds  of  that  of  the  best  material  hithero  tested, 
and  under   other  conditions  to  be  mentioned  later. 

Referring  to  Fig.  2,  the  curves  shown  relate  to  single  spherical 
and  cylindrical  shells.  The  abscissae  represent  the  radial  ratios  of 
the  shells  ;  if  the  radius  of  the  shielded  space  should  be  made  equal 
to  unity  (r=:  i)  then  the  abscissae  would  represent  the  successive 
values  of  the  outer  radius  of  the  shell.  The  ordinates  of  curves  i 
and  2  represent  the  shielding  ratio,  g.  Curves  i  and  2  show  how 
the  shielding  increases  as  the  thickness  of  the  shells  increases.  At 
first  the  gradient  of  the  cylindrical  curve  is  not  quite  so  sharp  as 
that  of  the  spherical ;  later  as  the  thickness  increases  it  becomes 
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greater  and  does  not  reach  its  asymptotic  value  so  soon  as  in  the 
spherical  curve.  Curve  i  reaches  very  nearly  its  asymptotic  value 
when  its  outer  radius  is  say  three  times  the  inner.  The  correspond- 
ing curve  2  for  the  hollow  cylinder  has  not  quite  reached  this  point 
even  when  the  outer  radius  has  become  five  times  the  inner.    These 
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Fig.  2. 


curves  show  clearly  the  futility  of  increasing  the  thickness  of  a 
single  shielding  shell  beyond  a  certain  point.  Curves  i'  and  2', 
corresponding  to  spherical  and  cylindrical  shells  respectively,  repre- 
sent, upon  a  scale  quite  arbitrary  in  each  case  as  regards  the  ordi- 
nates,  the  way  in  which  the  shielding  per  unit  weight  of  material 
varies  as  the  thickness  of  the  shells  is  increased. 

Consider  now  Fig.  3.  It  refers  to  the  case  of  two  concentric 
spherical  shells,  also  to  that  of  two  concentric  cylindrical  shells.  If 
r  and  R  denote  the  innermost  and  outermost  radii  respectively  of 

either  system  of  shells,  a  condition  imposed  is  that  —  shall  always 

equal  five.     The  other  conditions  are  that  the  two  shells  must  be 
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equal  in  thickness  and  that  /^  =  202.  If  the  radius  of  the  shielded 
space  be  taken  equal  to  unity  (r=  i)  then  -^=5.  The  figures 
given  as  the  abscissae  in  the  present  case  and  in  the  case  of  three 
shells  are  to  be  considered  on  the  supposition  that  r=  i.  The  in- 
dependent variable  is  the  thickness  of  the  air-gap.  It  may  vary 
between  the  limits  o  and  4. 
The  upper  of  the  two  rows  of  icoo 
abscissae  represents  the  vary-  030 
ing  air-gap  thickness  and  the  900 
lower  the  corresponding  thick- 
ness of  the  shells.  The  ordi- 
nates  represent  the  shielding 
ratio  g.  Curves  i  and  2  are 
without  reference  to  the  weight 
and  refer  to  spherical  and 
cylindrical  shell  respectively. 
Curves  i'  and  2'  represent 
upon  scales  quite  arbitrary  as 
regards  the  ordinates  the  way 
in  which  the  shielding  per  unit 
weight  varies  as  the  air-gap  is 
increased  or  decreased. 

While  graphically  it  is  diffi- 
cult to  specify  the  exact  posi- 
tion of  the  maximum  points, 
yet  it  may  be  seen  that  the 
maxima  for  curves  i  and  2 
occur  for  very  nearly  the  same 
value  of  the  air-gap  distance 
and  for  that  value  for  which 
the  thickness  of  the  shells  and 
theairgap  is  the  same.  But  the  maxima  for  curves  i'  and  2'  occur 
much  further  to  the  right  when  the  shells  have  become  notably 
thinner ;  and  approximately  for  the  same  value  of  the  air-gap  thick- 
ness and  for  that  value  which  makes  the  air-gap  thickness  about  three 
times  the  common  thickness  of  the  shells.  By  means  of  two  shells 
arranged  as  specified  above  it  would  be  possible,  in  the  case  of 
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Spherical  shells,  to  reduce  our  impressed  field  to  about  -^^  of  its 
original  N'alue  \ivithin  the  space  to  be  shielded.  Had  all  of  the 
a\'ailable  shielding  space  been  filled  up  uith  iron  we  should  have 
obtained  but  about  j^^  as  complete  shielding  and  should  have  used 
about  1.3  as  much  iron,  showing  cleariy  the  ad\-antage  of  using  air  in- 
stead of  iron  in  some  parts  of  the  shielding  arrangement,  and  also  how 
the  addition  of  iron  at  the  wrong  place  may  be  decidedly  harmfuL 


Fig.  4. 


In  J-'i^:   4  vvt.  lutx*.  n-prrsviitcd  the  case  of  three  spherical  she::> 
and  'cw.^o  of  thru-  ^yl.i.rjrit,al  shells  under  conditions  quite  similar  to 
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those  laid  down  for  the  bi-lamellar  shells.  The  conditions  are  :  that 
H  s  202 ;  that  the  shells  have  always  a  common  thickness  ;  that 
the  two  air-gaps  have  the  same  thickness  ;  that  r  =  i,  ^  =  5,  r  and 
R  denoting  the  innermost  and  outermost  radius  respectively  of  the 
shells  in  both  cases  (spherical  and  cylindrical).  Curves  i  and  2 
refer,  without  reference  to  the  weight,  to  the  spherical  and  cylin- 
drical shells  respectively.  Curves  i'  and  2'  are  the  corresponding 
curves  representing  the  variation  in  the  shielding  per  unit  weight. 
The  upper  of  the  two  rows  of  abscissae  represents  the  common 
thickness  of  the  two  air-gaps  and  it  is  the  thickness  which  has  been 
taken  as  the  independent  variable.  The  second  row  represents  the 
corresponding  common  thickness  of  the  three  shells  in  both  cases 
(spherical  and  cylindrical).  Curves  i  and  2  reach  a  maximum  very 
nearly  simultaneously  and  for  that  value  of  the  air-gap  thickness  at 
which  very  approximately,  at  any  rate,  the  common  thickness  of 
the  air-gaps  equals  that  of  the  shells.  Curves  i'  and  2'  whose 
ordinates  are  drawn  upon  independent  arbitrary  scales  reach  their 
maximum  points  nearly  simultaneously  and  for  a  value  of  the  air- 
gap  thickness,  which  makes  the  thickness  of  each  air-gap  about 
twice  the  thickness  of  each  shell.  With  three  spherical  shells  as 
specified  above  it  would  be  possible  then  to  reduce  an  impressed 
field  to  about  ^^Vtf  ^^  ^^  original  value  within  the  shielded  space. 
Had  all  of  the  available  shielding  space  been  filled  up  with  iron  we 
should  have  obtained  but  about  j^^  as  complete  shielding  and 
should  have  used  about  1.5  as  much  iron.  The  advantage^  of  an 
extended  lamination  of  the  shielding  material  are  hereby  made  very 
obvious. 

As  was  mentioned  above,  this  graphic  discussion  is  intended 
more  as  an  illustrative  problem  than  as  one  which  would  allow  of 
the  deduction  of  practical  rules  to  cover  the  most  probable  condi- 
tions which  might  arise  in  practice. 

In  a  joint  paper  by  Professor  du  Bois  and  the  writer  the  results 
of  some  experimental  investigations  with  three  cylindrical  shells 
will  be  published. 

I  have  to  express  my  cordial  thanks  to  Professor  du  Bois  for 
his  kind  assistance  during  the  development  of  the  foregoing  dis- 
cussion. 

Berun,  April  15, 1899. 
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A  NEW  RESPIRATION  CALORIMETER  AND    EXPERI- 
MENTS ON  THE  CONSERVATION  OF  ENERGY 
IN  THE  HUMAN  BODY,  II. 

W.  O.  Atwatkr  and  E.  B.  Rosa. 

III.   Tests  of  the  Apparatus  as  a  Calorimeter. 

TWO  series  of  test  experiments  were  instituted  to  ascertain 
whether  the  calorimeter  would  accurately  measure  a  given 
quantity  of  heat  generated  within  the  respiration  chamber.  In  the 
first  series  an  electric  current  of  measured  strength  flowing  through 
a  known  resistance  generated  in  a  given  time  a 'quantity  of  heat 
which  could  be  readily  calculated.  As  there  was  no  circulation  of 
air  and  no  water  vapor  produced  in  the  apparatus,  it  was  used  at  the 
best  advantage  simply  as  a  calorimeter.  In  the  second  series  alco- 
hol was  burned  within  the  chamber,  a  current  of  air  circulating 
through  it  supplying  the  necessary  oxygen  and  carrying  away  the 
products  of  combustion.  Here  the  complications  arising  from  a 
ventilating  current  of  air  and  the  production  of  a  large  amount  of 
moisture  were  introduced.  Evidently,  if  the  calorimeter  will  accu- 
rately measure  a  known  quantity  of  heat  generated  in  these  two 
ways,  it  may  be  employed  with  confidence  to  measure  the  heat  gen- 
erated by  a  living  subject  within  the  chamber.  In  the  latter  case, 
however,  we  can  not  expect  as  high  a  degree  of  accuracy  as  in  the 
former,  for  the  rate  of  evolution  of  heat  is  more  variable  and  the 
movement  of  the  person  or  animal  about  the  respiration  chamber 
introduces  disturbances  which  will  prevent  the  highest  degree  of  ac- 
curacy in  the  measurements ;  and  furthermore  the  errors  due  to 
physiological  causes  may  be  considerable. 

Electrical  Test  Experiments. 

The  arrangement  of  the  apparatus  in  the  electrical  tests  is  shown 
in  Fig.  13.     The  current  from  the  220-volt  mains  passes  into  the 
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respiration  chamber  through  a  variable  resistance,  RS^  a  Weston 
ammeter,  Am,  and  two  copper  voltameters,  Vm,  where  it  passes 
through  PQ,  a  coil  of  German-silver  wire  No.  30,  having  a  resist- 
ance of  about  100  ohms.  A  Kelvin  balance  in  series  with  a  known 
resistance,  R^,  in  oil,  and  a  Weston  voltmeter  in  parallel  with  them 
are  connected  to  the  points  a,  b,  and  indicate  the  fall  of  potential 
through  the  resistance,  PQ,  Usually  an  assistant  keeps  the  current 
constant  by  adjusting  the  resistance,  RS,  The  current  is  given 
with  considerable  accuracy  by  the  Weston  ammeter,  which  in  the 
first  test  experiment  was  used  alone.  But  when  the  copper  voltam- 
eters were  employed  the  values  for  the  current  obtained  with  them 
were  used. 

Two  test  experiments  were  made  on  March  20  and  25,  1897, 
which  gave  very  satisfactory  results.  A  third  on  March  26th  gave 
slightly  more  concordant  results  than  either  of  the  others  and  will 
be  here  given  in  some  detail,  in  order  to  illustrate  the  operation  of 
the  calorimeter  as  well  as  to  show  its  accuracy. 

A  sample  page  from  the  record  of  the  test  of  March  26th,  is 
given  below.     It  gives  the  observations  of  one  hour. 

In  the  first  column  the  time  is  recorded.  In  the  second  column 
are  the  deflections  in  the  scale  divisions  in  the  thermo-electric  cir- 
cuit (No.  i)  of  the  walls  of  the  respiration  chamber.  Numbers  at 
the  left  side  of  the  column  indicate  deflections  to  the  left  and  show 
that  the  inner  chamber  is  a  little  cooler  than  air  space  B,  At  5.10, 
the  air  in  B  having  been  cooled  slightly,  the  deflection  is  zero. 
Then  it  becomes  positive  for  a  few  minutes  and  the  air  in  B  re- 
quires slight  warming.  The  deflections  during  the  hour  are  on  the 
average  less  than  one  division  and  indicate  an  average  difference  of 
temperature  of  about  0.004°  C.  But  this  difference  is  part  of  the 
time  positive  and  part  of  the  time  negative,  so  that  the  algebraic 
average  is  only  one-fourth  of  one  division  to  the  right,  indicating 
that  the  inner  chamber  was  on  the  average  for  the  hour  0.0018°  C. 
warmer  than  the  surrounding  space.  By  carrying  these  differences 
along  from  page  to  page  the  adjustments  are  made  so  that  the  dif- 
erences  cancel  each  other,  and  there  is  no  correction  to  apply  for 
flow  of  heat  throught  the  walls  for  the  whole  experiment. 

One  division  deflection  corresponds,  as  already  stated,  to  0.007° 
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Table  I. 

Sample  page  from  reeord  of  calorimetric  observations  of  experiment  of  Alarch  26,  1897. 


Time, 

Inner  wall.           1            Water  circuit. 

In"*** 

p.  m. 

No.  I.          Part..     ,  r^r,.  7;-7',.t     ^^l"; 

temp.                 Remarks. 
No.  5.  t 

1 

h.  m. 

1                      1     ^'C.     ,     oC.     '         °C. 

'^-  i' 

-%l|:!i 

1 

1 

5   00 

I  12.80 

22.61 

02 
04 

2   |UI 

! 

1  12.80 
1  12.79 

22.61 

22.61  '  1st  10  kilos  at  5.04.00. 

06 

0       , 

1 

1  12.80 

22.62  '  Av.  bridge  read.  12.73. 

08 

1       ! 

12.87 

22.62    12.73-27=12.46^ 

10 

0       1 

12.85 

22.62     12.46°X10-124.6 

12 

i'A\ 

15.97 

12.84 

22.61  1      calories. 

14 

I'Al 

3.42 

12.55 

12.78 

22.62  1 

16 

IA\ 

12.72 

22.62  1 

18 

iA\ 

12.80>^ 

22.62 

20 

1    1 

f-^l   1 

i 

12.81 

22.62 

22 

'A 

i 

+VA  . 

12.84^ 

22.62  1 

24 

0 

—1 
n 

12.83K 

22.62  1 

26 

0 

^       "        J 

12.86 

22.62  1 

28 

0 

15.93 

12.76 

22.63  ; 

30 

A 

3.44 

12.77 

22.63  1 

32 

0     ; 

12.87>^ 

22.63  1 

34 

A' 

12.49 

12.77 

22.64  1 

36 

1 

12.80>i 

22.64 

38 

0 

12.81 

22.64  ! 

40 

1 

12.81 

22.64 

42 

A 

15.94 

12.81 

22.64 

44 

A 

r  0   1 

3.43 

12.51 

12.77 

22.64  ' 

46 

0 

. 

-  u 

12.78 

22.65    2d  10  kilos  at  5.47.45. 

48 

1 

12.79 

22.65     Av.  bridge  read.  12.81. 

SO 

A 

C          /*  J 

12.86 

22.65    12.81-.27-12.54«. 

52 

0 

12.83 

22.65  1  12.54*»xi0=125.4 

54 

A 

12.79 

22.65  1      calories. 

56 

0 

16.04 

12.81 

22.64  1 

58 

0 

3.47    12.57 

12.85 

22.64  1 

7  +nA 

1 

C.  difference  of  temperature,  and  with  this  difference  of  temperature 
4  small  calories  per  minute,  or  0.24  of  a  large  calorie  per  hour, 
flow  through  the  walls  of  the  chamber.  This  was  determined  in 
the  following  manner:  A  current  of  0.17  amperes  was  passed 
through  a  resistance  within  the  calorimeter  for  four  hours.  The 
fall  of  potential  was  43  volts,  giving  7.3  watts  or  about  104  small 
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calories  per  minute.  The  temperature  of  the  chamber  rose  a  little 
at  first,  but  was  constant  during  the  latter  part  of  the  experiment, 
showing  that  all  of  the  heat  was  escaping  through  the  walls.  The 
deflection  produced  by  the  thermo-electric  elements  of  circuit  No. 
I  was  about  25  divisions,  remaining  substantially  constant  for  some 
time  before  the  end  of  the  experiment.  This  gives  4  small  calories 
per  minute  per  scale  division  as  the  amount  of  heat  flowing  through 
the  walls  of  the  calorimeter.  This  may  be  called  the  radiation 
constant. 


k/wwwwvw-f 

p  a 


Kelvin  Balance 


Volt 
raetetL 


r 


Am. 


-wwwwww- 


R  S 

Fig.  13. — Arrangement  of  the  electric  apparatus  for  generating  heat  in  the  test 

experiments. 


For  an  average  deflection  of  one-fourth  of  one  division  the  rate 
at  which  heat  would  be  escaping  from  the  interior  of  the  calorim- 
eter would  be  0.06  calorie  per  hour.  The  amount  of  heat  gen- 
erated and  carried  away  from  the  calorimeter  was,  in  this  experim- 
ent, 74  calories  per  hour.  Thus  the  amount  of  heat  passing 
through  the  walls  is  only  0.060  -5-  74  =  0.0008  of  the  total,  or 
one-twelfth  of  i  per  cent.,  and  would  not  be  an  appreciable  error  if 
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uncorrected.  It  is,  however,  subsequently  recovered  by  keeping 
the  deflection  slightly  negative,  as  already  explained. 

In  the  third  column  are  recorded  the  deflections  observed  when 
parts  of  the  thermo-electric  circuits  are  separately  joined  to  the 
galvanometer,  the  four  numbers  being  for  the  top,  upper,  lower  and 
bottom  sections,  respectively.  These  deflections  are  all  small  and 
make  more  certain  the  balance  indicated  by  zero  deflection  of  the 
entire  system  in  series. 

In  the  fourth  column  are  recorded  the  readings  of  the  two  mer- 
cury thermometers,  G  and  If  {Fig.  6),  and  the  fifth  column  shows 
their  difference  (T^—T^),  which  is  the  gain  in  temperature  of  the 
water  flowing  through  the  absorbing  pipes.  The  sixth  column 
shows  the  readings  of  bridge  No.  6  for  the  same  difference  of 
temperature. 

The  bridge  does  not  give  the  exact  difference  of  temperature  of 
the  two  coils,  which  are  immersed  in  the  water,  its  readings  being 
always  too  high.  However,  it  correctly  indicates  the  variations  of 
temperature  between  the  thermometer  readings,  and  thus  interpo- 
lations between  the  observed  thermometer  readings  can  be  made. 
In  actual  practice  the  average  of  the  bridge  readings  is  reduced  by 
the  average  difference  between  thermometer  and  bridge.  For  ex- 
ample lo  kilograms  ran  out  during  the  period  of  forty-four  min- 
utes from  5.04  to  5.48  p.  m.  The  average  of  the  bridge  readings 
for  the  forty- four  minutes,  during  which  the  10  kilograms  of  water 
were  passing  through  the  absorbers,  was  12.81.  The  correction  to 
be  subtracted  to  reduce  the  bridge  readings  to  degrees  centigrade  is 
0.27.  This  gives  an  average  difference  of  12.54*^,  and  hence  1^25.4 
calories  of  heat  were  brought  away  in  these  forty-four  minutes. 
In  the  same  way  the  difference  of  temperature  for  each  10  kilo- 
grams is  determined.  A  tabular  statement  of  the  heat  measured 
during  the  entire  experiment  from  4.20  p.  m.  to  11.37  p.  m.  is 
given  in  the  table  on  next  page. 

If  a  calorie  be  defined  as  the  amount  of  heat  required  to  raise  i 
kilogram  of  water  1°  C,  at  15®  C.  it  will  be  equivalent  to  a  definite 
number  of  ergs,  which  must  be  determined  by  experiment.  The 
value  given  by  E.  H.  Griffiths,^  as  the  result  of  his  elaborate  work 

>Phil.  Trans.  Royal  Society,  A,  1893.     Proc.  Roy.  Soc,  vol.  55. 
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Table  II. 

Summary  of  heat  mhisurfmentSf  March  26,  1897. 


I 


Calorimetric  meaturementB. 


Blectrical  meaauremeots. 


I 


Time. 


(a) 
Dura- 
tion 
of 


(3) 


period.  Water. 


k.  m.   s. 

420  20 
504  00 

5  47  45 

6  3145 
715  27 

7  5910 
842  40 
92615 

10  09  50 
10  53  30 
113710 


5f«. 


Kilos, 


2,620 

2,625 
I  2,640 
I  2,622  I 
i  2,623  i 

2,610 
I  2,615  I 
I  2,615  . 
:  2,620  ! 

2,620  1 


10 
10 
10 
10 
10 
10 
10 
10 
10 
10 


Differ- 
ence  in 
temper- 
ature 

by 
bridge 
No.  6. 


Cor- 
rected 
differ- 
ence in 
temper- 
ature, 
c—o.vi. 


12.73 
12.81 
12.92 
12.77 
12.80 
12.79 
12.78 
12.68 
12.82 
12.81 


12.46 
12.54 
12.65 
12.50 
12.53 
12.52 
12.51 
12.41 
12.55 
12.54 


Amount 

of 

heat. 


Cols. 


E 
Voltage 


coil. 


124.60 
125.40 
126.50 
125.00 
125.30 
125.20 
125.10 
124.10 
125.50 
125.40 

1,252^ 
■    —1.2 


Cur-     '      ttr       ^  /*) 

on     U'*°\|wi!tt..  ^-^-*''*"' 
*'°      through  I  -       -» 

coif. 


I 


Amps. 


147.8 
147.8 
147.8 
146.0 
147.8 
147.8 
147.8 
147.8 
147.8 
147.8 


1.363 
1.363 
1.363 
1.350 
1.363 
1.363 
1.363 
1.363 
1.363 
1.363 


I  201.5  I 
I  201.5  ! 
I  201.5 
I  197.1  I 
I  201.5 
I  201.5  ! 
'  201.5  , 
I  201.5 
201.5  I 
I  201.5  ' 


125.54 
125.78 
126.50 
122.89 
125.68 
125.06 
125.30 
125.30 
125.54 
125.54 


Heat  generated  by 
electric  current....  ^  1,253.13 


Temper- 
ature  of 
the 
inaide 
by  the 
copper 
therm- 
ometer. 
No.  5. 

oc. 
22.63 
22.61 
22.65 
22.67 
22.57 
22.59 
22.60 
22.60 
22.64 
22.62 
22.61 


Capacity  correction  for  0.02®. . . 

Heat  measured  by  calorimeter. ....  —1,250.9 

on  the  determination  of  the  relation  between  the  electric  units  and 
those  of  heat  is, 

/=  4.1982  X  10^  ergs,  at  15®  C. 

The  average  temperature  of  the  water  in  the  absorbers  in  our  ex- 
periments was  in  every  case  between  8°  and  10°  C.  The  specific 
heat  of  water^  at  10°  C.  is  1.0019^  times  its  value  at  15°  C,  and 
hence  it  requires  1.0019  times  as  much  heat  to  raise  i  kilogram  one 
degree  at  10°  C.  as  at  1 5*"  C,  so  that 

/=  4.2062  X  10^  ergs,  at  10°  C. 

This  value  is  practically  the  same  as  that  given  by  Professor 
Koivland*  for  the  mechanical  equivalent  of  heat  at  8**  C,  and  so  ap- 
peafs  to  be  the  most  nearly  correct  for  our  use. 

^Bartoli  and  Stracdati,  Boll.  mens,  dell' Ace.  Gioenia,  18,  Apr.  26,  1891.  Preston*s 
Theory  of  Heat,  p.  265. 

*As  estimated  from  the  figures  of  the  table  on  p.  231— 1.  e.y  1.0029 -h  i.ooio  = 
1.0019. 

•Proc  Am.  Acad.  Sci.,  15  (1879),  p.  75. 
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A  recent  recalculation  of  Rowland's  value  of  the  mechanical 
equivalent  of  heat*  gives  4.200  x  io^  at  8°  C,  and  it  has  been 
su Ingested  that  the  difference  between  this  value  and  Griffith's  is  ac- 
ctnuUed  for  by  the  uncertainty  in  the  value  of  the  ampere,  but  as 
wo  use  the  same  ampere  as  Griffith  did  we  should  use  his  value  ofy. 

The  energy  of  the  electric  current  expressed  in  ergs  being 

CEt  X  IO^ 

when  expressed  in  calories  becomes 

CEt  X  10^         ^r-. 

,  =  C^/  X  0.23775. 

4,JOC^2  X   lO' 

Referring  to  tlie  abo\*e  table,  it  will  be  seen  that  the  total  amount 
of  heat  gciKrated  by  the  current  is  1253.13  calories.  The  amount 
measured  is  1^52.10  calories,  less  than  that  produced  by  the  elec- 
tric current  by  1,03  calories.  During  the  experiment  the  tempera- 
ture of  the  chamber  fell  frv^m  22^,63  to  22^,61,  The  capacity-  for 
heat  of  the  aj^viratus  is  equi\*alent  to  that  of  60  Idlograms  of  water 
— th.U  i^  it  r^uires  60  calories  to  rai5e  the  temperature  i  ^.  This 
was  \kHcnvane\l  :n  the  following  manner: 

The  ca!orin>etor  was  held  at  a  cc^n>tar.t  tea:j>eratiire  •  23^.8*  for 
s»^\xral  hv^ur^  A  currx^nt  c^*  1,77  onipereN  J^  55  volts,  iras  then 
mssod  thrv^u^h  it  tor  two  hc^unv  The  te;r.oerar,in:  sl:^wly  rose 
x':.:.,  k;^rtxr.;^  the  ocfvortiv^n  o*:  the  Nv\  i  thertnc^IeNrtrxrcirruft  zero, 
:fN>  heat  xkjts  oll."^^  to  ross  through  the  mjilli^     At  tbe  end  of  this 

c^rr  cirne  tc  a  ccr^ftaat 

r^  mis  th;i5    1^.6. 

*:i5  05-2  c£- 

xvn;:^  .^r  r:  5  cjul^rj^  r«ir  ,x^r\^.  vTthvrr  o«^C:nrr.^.iZi':ci>  ^xw^  sir2- 
JjLT  nr^^  *:>v  ire  i^i  r,^^^  •^rr.S^r  re  '%i>  tJ.vi*r  is  x  s^JSoectly 
<xjct  vil^ie  ,^~ir»?  rr^^r — X.   cur*i»c:rw-^  :^'  tSi^  x.-oi^-Lr*:;^ 
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The  current  in  the  above  experiment  was  maintained  constant^ 
and  the  voltage  measured  by  the  Kelvin  balance.  About  7  p.  m. 
the  voltage  on  the  mains  was  lower  than  usual  for  some  minutes^ 
and  the  variable  portion  of  the  resistance  was  insufficient  to  maintain 
the  voltage  on  the  coil.  Consequently  the  balance  was  set  at  a 
lower  point  and  the  current  kept  constant  at  this  smaller  value  until 
it  could  be  restored  to  its  former  value.  This  makes  the  average 
voltage  and  current  for  the  fourth  period  smaller  than  the  others* 
The  totals  show  that  the  amount  measured  was  2.2  calories,  or 
0.18  per  cent  too  small.  This,  however,  assumes  that  the  meas- 
urements of  temperature  at  the  beginning  and  the  end  are  accurate 
and  that  the  temperature  of  the  whole  apparatus  is  the  same  as  that 
of  the  air.  An  error  of  a  few  hundredths  of  a  degree  might  throw 
the  difference  in  the  opposite  direction.  Since  this  change  is  so 
slight,  and  as  all  the  measurements  of  the  temperature  are  presum- 
ably equally  reliable,  it  would  be  more  accurate  if  the  average  of  all 
was  used  in  obtaining  the  capacity  correction.  This  can  be  done 
by  taking  different  portions  of  the  experiment  and  applying  the  ca- 
pacity correction  to  each  portion  ;  the  average  of  the  errors  from  the 
different  portions  will  give  a  more  probable  value  of  the  error  of  the 
experiment.     The  above  experiment  is  thus  discussed  in  Table  III. 

Table  III. 

Discussion  of  expcf  imetit  of  March  26,  1897. 


Periods. 


1-6.. 
2-7.. 
3-8.. 
4-9.. 
5-10. 


Heat  m 
meas> 
urcd. 


Cais. 

752.0 
752.5 
751.2 
750.2 
750.6 


Temperature  No.  5. 


(O 
At  the 
bcKin- 

DiDK. 


At  the 

end. 


(A) 
,  ChaDge, 


22.63  i 

22.61  \ 

22.65  I 

22.67  I 
22.57 


22.60 
22.60 
22.64 
22.62 
22.61 


-0.03 
-0.01 
-0.01 
-0.05 
+0.04 


Capacity 
I  correc- 
tion« 
Ax  60. 

I      Lais. 

,  -1.8 
-0.6 
-0.6 
-3.0 
+2.4 


(,)  (A)       I    Error 

Correct-  ^^''^  P"^  I  Id  heat 
ed  heat,  *°.  **y  ^***  measurc- 

^  +  /.  * 


0.4 
750.6 


--  0.053  per  cent. 


I 

Sum  . 
Avg. 

I 


CaU, 

750.2 
751.9 
750.6 
747.2 
753.0 

.3,752.9 
.    750.6 


electric 

ment, 

current. 

j-k. 

Cais. 

Cais. 

751.5 

-1.3 

751.1 

+0.8 

750.6 

0.0 

749.6 

-2.4 

752.2 

+0.8 

3,755.0 

-2.1 

751.0 

-0.4 

In  the  first  column  is  indicated  the  number  of  periods  correspond- 
ing to  the  section  of  the  experiment  taken  for  discussion.     In  the 
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second,  (e)  is  the  heat  measured  during  the  same  period — i.  e,,  the 
sum  of  the  \'alues  in  column  (<),  Table  II.  The  next  three  columns 
show  the  change  in  temperature  of  the  apparatus,  and  the  neces- 
sary correction  is  given  in  the  sixth  colunm.  Appl>'ing  these  cor- 
rections to  the  \'alues  in  the  second  column  gives  the  corrected  heat 
in  (/).  The  x-alues  of  the  heat  generated,  {k),  are  obtained  by  adding 
those  in  column  {k\  Table  II.  The  last  column  gives  the  differ- 
ences between  the  heat  generated  and  that  measured,  and  the  aver- 
age of  these  sho\i'S  the  error  of  the  apparatus.  In  this  experiment 
the  error  is  about  0.05  per  cent,  which  is  as  close  as  the  electrical 
energ\*  could  be  measured. 

Another  test  of  a  somewhat  different  nature  was  made  April  30th. 
A  small  incandescent  electric  lamp,  rated  at  4  candle  power,  but 
burned  low,  taking  4.21  watts,  or  I  small  calorie  per  second,  i*-as 
placed  >*nthin  the  chamber  and  the  heat  gi\-en  off  was  measured. 
The  heat  being  so  small  it  i»*as  necessary-  to  ha\-e  the  \*-ater  enter  at 
a  temperature  nearly  as  high  as  the  air  inside,  and  to  dow  xtl  a  x^ry 
slow  streaoL     The  results  of  six  hours'  mn  are  g:\-ea  in  Table  IV. 

Tabi-E  I\*. 


c 


'"^-  ;         ftrsx^^r-    vft:5er-     Asroia*  Vc:ta«*  Cxrrr^K         ''        C»:  x 


!?5cX -      -  1^72 

::iI45  *t5           I  1.51        173          LTI     5.^1  ^"^  -tH          :.i5  1?  ?: 

ic-icis  L^iu       I  Ljs      in?       rs:    5.^?!  ,??  ^^       1-5  i?.^ 

:C>A55  itC           I  I.J3        LI*          LL^     5.7l  -T5  4.^           -i«r  1- ^ 

II5JA$  L^JC          5  l:3        i:e          3L:i     5.?I  -'5  4.^         iTc^  li^ 
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It  will  be  seen  that  the  measurement  is  very  close.  There  is  ap- 
parently a  small  capacity  correction,  which  if  applied,  makes  the 
"error  in  the  opposite  direction.  It  is  so  small,  however,  that  it  is 
impossible  to  say  with  certainty  how  much  the  correction  should  be. 

As  this  amount  of  heat  is  only  about  i  j>er  cent,  of  the  maximum 
which  the  apparatus  will  measure  and  about  3  per  cent,  of  the  heat 
usually  measured,  it  is  evident  that  there  can  be  no  appreciable  loss 
or  gain  of  heat  by  radiation  or  otherwise.  We  therefore  believe 
that  this  calorimeter,  with  proper  manipulation,  will  measure  heat 
as  accurately  as  it  is  possible  to  measure  it  by  any  other  form  of 
calorimeter. 

Alcohol  Test  Experiments. 

The  electrical  tests  above  described  demonstrate  the  accuracy  of 
the  apparatus  as  a  calorimeter  when  the  evolution  of  heat  inside  the 
chamber  is  reasonably  uniform,  and  there  is  no  current  of  air  pass- 
ing through  and  no  vaporization  of  water  within  the  chamber.  In 
experiments  with  men,  however,  the  development  of  heat  is  less 
uniform  ;  furthermore,  a  current  of  air  is  passing  through  the  cham- 
ber, water  and  carbon  dioxid  are  produced,  and  water  is  vaporized 
within  it.  In  these  experiments  the  principal  measurements  made 
with  the  aid  of  the  apparatus  are  the  amounts  of  water  and  carbon 
dioxid  produced  by  the  man  and  the  heat  given  off  from  his  body. 
In  experiments  where  the  external  muscular  work  has  been  con- 
siderable the  latter  has  been  transformed  into  electrical  energy, 
measured,  and  transformed  into  heat.  This  heat  has  been  measured 
with  that  given  off  directly  by  the  body.  The  crucial  test  of  the 
accuracy  of  the  determinations  of  carbon  dioxid,  water  and  heat 
must  be  made  in  test  experiments  under  circumstances  closely  sim- 
ilar to  those  of  the  actual  experiments  with  men.  When  ethyl  alco- 
hol is  burned  in  air  carbon  dioxid,  water  and  heat  are  produced.  If 
known  quantities  of  alcohol  be  burned  inside  the  chamber  while  a 
current  of  air  is  passing  through,  the  conditions  will  approach  very 
closely  those  of  an  experiment  with  man.  To  make  these  experi- 
ments accurate,  the  amount  of  alcohol  burned  must  be  exactly 
known  and  the  combustion  must  be  complete. 

Several  series  of  experiments  were  made  in  which  alcohol  was 
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burned  inside  the  chamber.  The  rate  of  flow  of  the  ventilating  cur- 
rent, the  method  of  analysis  of  the  incoming  and  outgoing  air,  and 
the  method  of  measurement  of  heat  were  the  same  as  if  a  man  were 
inside  the  chamber. 

I.  Composition  of  Alcohol  Used — Specific  Gravity'. 
In  some  of  the  tests  here  described  we  have  used  pure  ethyl  al- 
cohol kindly  furnished  by  Dr.  Edward  R.  Squibb,  but  for  the  larger 
part  of  our  work,  including  the  alcohol  tests  with  the  respiration 
calorimeter,  a  high  grade  of  commercial  alcohol  was  used  instead 
of  the  so-called  absolute  alcohol,  because  it  can  be  more  easily 
stored,  weighed,  and  measured  without  change  of  water  content. 
The  specific  gravity  of  this  alcohol  was  determined  at  the  time  of 
each  experiment.  The  variations  in  the  different  samples  were 
small,  the  proportion  of  alcohol  being  not  far  from  90.5  per  cent, 
by  weight.  From  the  percentage  of  alcohol  present  the  amount  of 
carbon  dioxid  and  water  that  would  be  formed  by  complete  oxida- 
tion is  readily  calculated  as  follows :  Taking  the  atomic  weight  ^f 
hydrogen  as  i,  that  of  oxygen  ^  is  here  taken  as  15.88,  and  carbon 
1 1.9 1.  With  these  atomic  weights  the  molecular  weight  of  alcohoU 
CjHgO,  is  45.70,  of  HjO  is  17.88  and  of  COg  is  43.67.  The  reac- 
tion in  the  combustion  of  alcohol  is  CgH^O  -f-  O^  =  2CO2  +  sHjO. 
By  molecular  weights,  45.70  +  95.28  =  87.34  +  53.64,  or  i  gm. 
alcohol  +  2.0848  gm.  oxygen  =  1.91 10  gms.  CO^  +  1.1737  HjO. 
Hence  one  gram  of  ethyl  alcohol  (CgHgO)  will  yield  on  oxidation 
1. 91 10  grams  of  carbon  dioxid  and  1.1737  grams  of  water.  One 
gram  of  a  mixture  of  alcohol  and  water  containing  90.77  per  cent, 
absolute  alcohol  (the  strength  of  that  used  in  the  first  three  tests) 
will  give  1. 91 10  X  0.9077,  or  1.7346  grams  of  carbon  dioxid,  and 
1. 1737  X  0.9077,  or  1.0654  grams  of  water  from  the  combustion 
of  the  ethyl  alcohol  in  addition  to  the  0.0923  grams  of  water 
present  in  the  mixture,  making  a  total  of  1.1577  grams  of  water 
from  I  gram  of  the  alcohol  mixture  used.  The  estimates  of  the 
quantity  of  heat  produced  by  the  oxidation  of  a  gram  of  each  of 
the  different  specimens  of  alcohol  are  made  by  use  of  the  factor 

.  J  F.  W.  Clarke,  Journal  of  Am.  Chem.  Soc,  March,  1898.     Richards,  Am.  Chem. 
Journal,  p.  534,  July,  1898 
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7.067  calories  for  the  heat  of  the  combustion  of  i  gram  pure  ethyl 
alcohol  as  explained  beyond. 

2.   Heat  of  Combustion  of  Alcohol — Determination  with  the 
Bomb  Calorimeter. 

The  heat  of  combustion  of  the  alcohol  used  in  the  tests  was 
determined  by  the  bomb  calorimeter.  This  well  known  instrument^ 
which  has  been  used  in  determining  the  heats  of  combustion  of 
the  food  and  excreta  in  the  experiments  with  a  human  subject,  is 
illustrated  in  section  in  Fig.  14.  The  so-called  bomb  is  a  steel 
cylinder,  about  12  cm.  deep  and  6  cm.  average  interior  diameter, 
the  wall  being  about  0.6  cm.  thick.  A  groove  in  the  cover  contains 
a  lead  gasket,  and  when  the  outer  ring  or  collar  is  screwed  down 
with  a  heavy  spanner,  the  bomb  is  closed  perfectly  tight,  even  for 
pressures  of  30  to  40  atmospheres.  The  cover  is  provided  with  a 
neck  D,  The  valve  screw  F  passes  through  a  second  screw  E,  and 
at  the  bottom  of  £■  is  a  lead  packing  L,  The  pressure  of  E  upon 
L  makes  a  perfectly  tight  joint  about  the  bottom  of  F,  Oxygen  is 
admitted  to  the  bomb  through  a  narrow  passage  extending  from  G 
to  the  bottom  of  /%  and  then  directly  downward  to  the  interior  of 
the  cylinder.  This  passage  is  closed  when  F  is  screwed  down. 
The  bomb  is  fitted  with  a  platinum  cup,  spun  from  a  single  piece  of 
platinum,  which  serves  as  lining,  and  the  cover  is  also  lined  with 
platinum.  This  effectually  prevents  any  oxidation  of  the  bomb  itself 
by  the  compressed  oxygen  during  the  combustion.  Two  platinum 
rods  H,  /.  serve  to  hold  a  platinum  capsule  O,  containing  the  sub- 
stance to  be  burned,  and  also  to  conduct  an  electric  current  which, 
flowing  through  the  fine  iron  wire  over  the  capsule,  fuses  the  wire 
and  so  ignites  the  substance  to  be  burned. 

The  bomb  is  placed  in  a  cylinder  of  brittania  metal,  12  cm.  in 
diameter  and  22  cm.  high,  and  about  1700  c.c.  of  water  added,  the 
whole  being  surrounded  by  two  concentric  cylinders  of  *'  indurated 
fiber,"  in  the  manner  shown  in  the  figure.  A  stirrer  SS,  is  driven 
at  a  uniform  speed  by  a  small  electric  motor.     The  thermometer  is 

*  See  description  by  W.  O.  Alwater  in  Bulletin  21  of  the  Office  of  Experiment  Stations 
of  the  U.  S.  Department  of  Agriculture  and  by  W.  O.  Atwater  and  O.  S.  Blakeslee  in  re- 
port of  Starrs  (Conn.)  Agricultural  Experiment  Station  for  1897. 
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graduated  to  one-hundredth  of  a  degree,  and  read  with  a  magnify- 
ing glass  to  thousandths.  Those  here  used  were  made  by  Fuess 
of  Berlin  and  calibrated  at  the  Physikalisch-technische  Reichsan- 


Flg.  14. 
Bomb  calorimeter  ;  apparatus  as  used  for  actual  determination  of  heats  of  combustion. 

stalt.  Oxygen  is  supplied  by  the  S.  S.  White  Dental  Mfg.  Co., 
New  York  in  cylinders  about  125  cms.  long  and  18  cm.  in  diameter, 
at"a*pressure  of  200  atmospheres.     It  is  admitted  to  the  bomb  until 
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the  gauge  indicates  a  pressure  of  20  atmospheres.     One  cylinder 
full  of  oxygen  will  thus  suffice  for  hundreds  of  combustions. 

In  the  Combustions  of  alcohol  two  methods  were  used.  In  one 
the  alcohol  was  poured  upon  cellulose  filter  blocks.  The  weighing 
was  made  with  due  precautions  to  prevent,  if  possible,  any  loss  by 
evaporation.  The  alcohol  and  filter  block  were  burned  in  the 
calorimeter,  a  correction  being  applied  for  the  heat  of  combustion  of 
the  filter  block  used.  Eight  determinations  were  made  by  this 
method  with  commercial  alcohol  of  high  grade  and  of  different 
strengths. 

The  use  of  filter  blocks  is  objectionable  because  of  the  difficulty 
of  avoiding  evaporation  of  alcohol  during  the  process  of  weighing 
and  transferring  to  the  bomb,  and  because  of  the  considerable  and 
not  absolutely  certain  correction  to  be  applied  for  the  heat  of  com- 
bustion of  the  filter  blocks  used.  The  first  difficulty  was  avoided 
entirely  and  the  other  partially  by  the  second  method  employed. 
In  this  the  alcohol  was  inclosed  in  small  gelatin  capsules  by  which 
the  evaporation  is  prevented.  The  weight  of  gelatin  is  also  small 
and  the  correction  for  its  heat  of  combustion  is  less  than  with  the 
filter  blocks.  Eight  determinations  were  made  with  Squibb's  alco- 
hol and  nine  with  commercial  alcohol,  such  as  was  used  in  the  tests 
in  the  respiration  calorimeter.  The  results  obtained  by  both  meth- 
ods are  shown  in  Table  V. 

The  heat  of  combustion  when  determined  by  the  first  method 
ranged  from  7,030  to  7,090,  and  averaged  7,069  small  calories  per 
gram  of  absolute  alcohol. 

The  results  obtained  by  the  second  method  with  Squibb's  alcohol 
ranged  from  7,044  to  7,090  small  calories,  and  averaging  7,061 
small  calories  per  gram,  absolute  alcohol.  The  results  of  similar 
determinations  with  the  commercial  alcohol  ranged  from  7,045  to 
7,103  small  calories,  and  averaging  7,070  small  calories  per  gram, 
absolute  alcohol.  The  average  of  these  17  determinations  with  al- 
cohol in  gelatin  capsules  gives  7,066  small  calories,  practically  the 
same  result  as  was  obtained  by  the  use  of  the  filter  blocks.  Con- 
sidering the  range  of  variation  in  these  different  determinations,  we 
would  hardly  be  justified  in  assuming  that  the  figure  7,067  repre- 
sents to  a  very  high  degree  of  accuracy  the  heat  of  combustion  of 
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Table  V. 

DeUrminaiion  of  heats  of  combustion  of  alcohol  in  the  bomb  calerimuter. 


Alcohol  contained  in  61ter  blocks : 

Specimen  No.  i 

Do 

Do 


ATcrage  of  above  3. 


Specimen  No,  2.. 
Do 


Average  of  above  3 . 


Specimen  No.  3.. 

Do 

Do 


Average  of  above  3 . 
Average  of  above  8. 


Alcohol  contained  in  gelatin  capsules  : 


Specimen  No.  4. 
Do 


Do 

Do : 

Do 

Do 

Do 

Do 

Average  of  above  8 . 


Specimen  No.  5. 
Do 


Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 


Average  of  above  9. . 
Average  of  above  17. 
Average  of  above  25. 


Heat  of 
comtms- 
tion  per 


CalcoUtcd 
heat  of 


Btbyl 

hycb^aid      ^^„  p^  tioo  per 

w*wt»ft        tram  ac-  cram  of 

wetgat.       tuaUy  de-  ethyl 

tcnmned.  hydroaid. 


Per  cent. 

89.9 
89.9 
89.9 


SmmllcaU, 

6,348 
6,545 
6,377 


Sem^lcmU, 

7,058 
7,093 

7^071 


8L3 
81.3 


5,744 
5,763 


72.5 
72.5 
72  5 


5,132 
5,094 
5,132 


7,063 
7,090 

7^6 

7^8 
7,030 
7,078 


88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 


6,205 
6,224 
6,209 
6,199 
6,204 
6,203 
6,227 
6,240 


(  , 


90.61 
90.61 
90.61 
90.61 
90.61 
90.61 
90.61 
90.61 
90.61 


L6,435  I 
6,384  1 
6,401 
6,383  I 
6,403  ■ 
6,397  I 
6,436 
6,433  I 
6,386 


7,062 
7,069 

7,050 
7,072 
7,055 
7,044 
7,050 
7,049 
7,076 
7.090 

'7^ 

7,101 
7,046 
7,064 
7.045 
7,066 
7,060 
7,103 
7,099 
7,047 

"7,070 
7,066 
7,067 
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ethyl  hydroxid.  There  is  reason  to  hope,  however,  that  some  of 
the  sources  of  error  in  the  determinations  may  yet  be  partially  elimi- 
nated, and  that  thus  more  reliable  results  may  be  obtained.  It  is 
worthy  of  note  that  Berthelot  and  Matignon*  obtained  the  figure 
7,068  as  the  average  of  two  determinations,  which  gave  7,067.3  and 
7,068.5  small  calories,  respectively,  at  13°.  The  average  7,068 
corresponds  to  7,079  at  20°,  a  value  very  close  to  those  obtained 
here. 

The  heat  of  combustion  of  alcohol  of  any  given  dilution  with 
water  is  found  by  multiplying  the  heat  of  combustion  of  i  gram  of 
absolute  alcohol  by  the  percentage  present  in  the  specimen.  Thus 
in  the  specimen  of  alcohol  used  in  the  first  three  tests  the  heat  of 
combustion  was  7,067  x  .9077,  or  6,415  small  calories  per  gram. 

While  the  heat  of  combustion  of  i  gram  of  absolute  alcohol  is 
thus  7,067  small  calories  per  gram,  this  does  not  represent  the 
amount  of  heat  that  is  given  off  by  the  combustion  of  i  gram  of  al- 
cohol within  the  chamber  of  the  respiration  calorimeter.  In  the 
bomb  calorimeter  all  the  water  vapor  formed  is  condensed  within 
the  apparatus,  and  hence  the  heat  that  had  been  required  to  vapor- 
ize the  water  is  given  off  again.  In  the  respiration  calorimeter,  on 
the  other  hand,  the  water  passes  out  as  vapor  in  the  ventilating  air 
current.  The  heat  required  to  vaporize  it  comes  from  the  combus- 
tion of  the  alcohol,  and  is  not  measured  by  the  calorimeter.  In 
order  to  obtain  the  total  amount  of  heat  gjven  off  in  the  combustion, 
therefore,  the  heat  actually  measured  must  be  added  to  the  amount 
required  to  vaporize  the  excess  of  ^^ter  in  the  outgoinf  over  that 
in  the  incoming  air  current,  which  is  the  amount  of  water  vaporized 
at  the  expense  of  the  heat  produced  in  the  combustion  of  the  alcohol. 

3.  The  Calorie  here  used  as  the  Unit  of  Measure. 
Although  the  specific  heat  of  water  is  often  taken  as  unity  for  all 
temperatures,  it  actually  varies  by  an  appreciable  amount.  Hence 
if  the  unit  of  heat  be  defined  as  the  amount  required  to  raise  unit 
mass  of  water  i  degree,  this  unit  will  be  a  variable  one.  The  theo- 
retical large  calorie,  namely,  the  quantity  of  heat  that  will  raise  a 
kilogram  of  water  from  o®  to  i®,  or  from  4*^  to  5*^,  is  a  very  incon- 

>  Ann.  Chim.  ct  Phys.,  6  ser.,  27  (1892),  p.  312. 
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venient  unit  in  practice.  Moreover,  the  specific  heat  of  water 
changes  quite  rapidly  at  these  low  temperatures,  and  hence  a  higher 
temperature  is  more  favorable  for  the  working  unit.  Many  authori- 
ties take  the  specific  heat  of  water  at  1 5  ®  C.  as  unity.  Inasmuch, 
however,  as  we  have  used  20*^  C.  as  our  standard  temperature  for 
the  respiration  calorimeter  in  experiments  with  human  subjects,  and 
inasmuch  also  as  the  specific  heat  of  water  has  a  minimum  near  to 
20°  and  changes  very  slowly  in  that  vicinity,  we  have  found  it  de- 
sirable to  take  as  our  working  unit  of  heat  the  calorie  at  20*^.  In 
other  words,  the  large  calorie  at  20°,  which  we  designate  in  the 
tables  as  C^,  is  the  amount  of  heat  required  to  raise  the  temperature 
of  a  kilogram  of  water  i  degree  at  20®  C.  (that  is,  from  half  a  de- 
gree below  20°  to  half  a  degree  above).  The  large  calorie  at  any 
other  temperature  is  here  designated  by  C^,  and  is  the  amount  of 
heat  required  to  raise  the  temperature  of  a  kilogram  of  water  i  de- 
gree at  the  temperature  /. 

Since  the  specific  heat  of  water  is  nearly  a  minimum  at  20*^  C, 
our  standard  calorie,  C^,  is  nearly  always  less  than  C^,  This  differ- 
ence is  ordinarily  neglected.  But  in  the  alcohol-test  experiments 
and  in  the  experiment  with  a  human  subject  to  be  described  later, 
this  difference  is,  relatively  speaking,  not  inconsiderable.  In  Table 
VI.  the  specific  heat  of  water  is  given  for  different  temperatures  be- 
tween 0°  and  31  °.  The  figures  are  based  upon  the  experiments  of 
Rowland,*  Bartoli  and  Stracciati,*  Griffiths,*  and  Ludin.*  The  dif- 
ferences in  the  results  obtained  by  these  investigators  at  tempera- 
tures below  22°  are  very  sma}l,  and,  in  view  of  the  care  with  which 
their  experiments  were  made,  we  do  not  believe  that  the  estimates 
of  this  table  can  be  far  enough  from  the  truth  materially  to  di- 
minish their  value  for  the  present  purpose. 

It  will  be  seen  that  at  0°  the  calorie  {C^  is  nearly  i  per  cent, 
greater  than  C^,  and  that  C^^  is  about  three  parts  in  a  thousand 
greater  than  C^. 

The  results  of  all  the  combustions  by  the  bomb  calorimeter,  as 

*  See  p.  00  above. 

*Inaug.  Diss.,  Zurich,  1895 ;  cited  by  Longuinine,  Bestimmung  der  Verbrennungs- 
-wilrme,  Berlin,  1897,  p.  17.  See  discussion  of  results  of  experiments  on  the  specific  heat 
of  water  on  pp.  12-20  of  this  valuable  treatise. 
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Table  VI. 

specific  heat  of  water  at  different  temperatures  referred  to  that  at  20°  C  as  unity. 


Temp.   ,    Specific 
oC       t      heat. 


1.0090 
1.0083 
1.0076 
1.0069 
1.0062 
1.0056 
1.0050 
1.0044 


Temp. 
___ 

9 

10 
11 
12 
13 
14 
15 


Specific 
fieat. 


1.0039 
1.0034 
1.0029 
1.P024 
1.0020 
1.0016 
1.0013 
1.0010 


Temp. 

16 
17 
18 
19 
20 
21 
22 
23 


Specific 
neat. 

T00()7 

1.0004 

1.0002 

1.0001 

1.0000 

.9999 

.9998 

.9998 


Temp. 

.  Specific 
heat. 

24 

.9998 

25 

.9998 

26 

.9998 

27 

.9999 

28 

.9999 

29 

1.0000 

30 

1.0001 

31 

1.0002 

well  as  the  measurements  by  the  respiration  calorimeter,  are  to  be 
expressed  in  terms  of  C^,  To  do  this  it  is  necessary  to  know  the 
mean  specific  heat  of  water  for  the  range  of  temperature  employed 
in  any  given  experiment.  For  example,  if  water  is  warmed  from 
3°  to  17°  in  passing  through  the  absorbed  pipes  of  the  respiration 
calorimeter,  the  result  will  be  in  terms  of  C(j.,7) ;  that  is,  in  terms  of 
the  mean  calorie  from  3°  to  17°.  This  is  1.0032  times  as  great  as 
the  standard  calorie  C^,  whereas  C^^,  the  calorie  for  the  mean  tem- 
perature, is  only  i  .0029  times  as  great  as  C^,  In  other  words,  the 
mean  specific  heat  from  3°  to  17°  is  1.0032  times  the  specific  heat 
at  20°,  whereas  the  specific  heat  at  10°,  the  mean  temperature, 
is  1.0029  times  that  at  20°.  The  difference  between  the  mean 
specific  heat  for  this  range  of  temperature  and  the  specific  heat  of 
the  mean  temperature  is  therefore  appreciable;  this  is  of  course  be- 
cause the  variation  of  the  specific  heat  is  not  linear.  We  have  ac- 
cordingly calculated  the  mean  specific  heat  of  the  water  in  every 
case  for  the  range  of  temperatures  employed,  and  expressed  the 
heat  measured  in  terms  of  C^.  In  the  tables  this  range  of  tempera- 
ture is  given  in  the  fourth  column,  and  the  heat  in  terms  of  Q^  in 
the  fifth  column. 

4.  The  Latent  Heat  of  Water  Vapor. 
The  value  commonly  used  for  the  latent  heat  of  vaporization  of 
water  at  different  temperatures  is  that  given  by  Regnault  *  as  the 
result  of  his  classical   investigations  half  a  century  ago.     Reg- 

»M6ra.  Acad.  Roy.  Sci.  Inst.  France,  21  (1847),  PP-  635-728. 
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nault's  formula,  which  expresses  quite  closely  the  results  obtained 
from  63°  to  195°,  is  //'=  606.5  +  .305/.  H  represents  what  Reg- 
nault  called  the  "total  heat**  of  steam  .or  water  vapor,  at  the  tem- 
perature //  that  is,  it  is  the  number  of  small  calories  required  to 
raise  a  gram  of  water  from  0°  C.  to  any  temperature  /  and  then 
completely  vaporize  it  at  that  temperature.  For  /=  100°,  this 
gives  //'=637.  The  "latent  heat  of  vaporization**  at  any  tem- 
perature, as  distinguished  from  the  **  total  heat  **  at  the  same  tem- 
perature, is  the  number  of  units  of  heat  required  to  evaporate  the 
water  after  it  has  been  brought  to  the  temperature  of  evaporation. 
Hence  at  100°  C.  the  latent  heat  of  vaporization  is  537  calories. 
The  formula  for  the  latent  heat  at  any  temperature  /  is 

.-.  Z  =  606.5  +  .305  /— / 
or  L  =  606.5  —  .695  A 

Regnault*s  value  for  the  latent  heat  of  steam  at  100°  is  abund- 
antly confirmed  by  later  researches. 

At  lower  temperatures  than  63°,  however,  the  method  employed 
was  inapplicable  because  the  change  of  state  from  water  to  steam 
at  low  pressure  is  irregular  and  explosive  ;  hence  a  different  method 
became  necessary.  The  process  was  accordingly  reversed,  and 
water  contained  in  a  small  reservoir  inside  a  much  smaller  calorim- 
eter than  that  previously  used  was  evaporated  at  reduced  pressure. 
The  heat  absorbed  in  the  vaporization  of  the  water  (about  5  grams 
at  each  experiment)  was  then  determined  from  the  lowering  of  the 
temperature  of  the  water  which  surrounded  the  vessel  in  which  the 
evaporation  took  place.  The  results,  as  Regnault  himself  points 
out,  were  subject  to  comparatively  large  experimental  errors,  and 
were  very  discordant.  The  mean  results  over  a  range  of  tempera- 
ture from  0°  to  16°  are,  however,  fairly  well  represented  by  the 
formula  given  above  for  higher  temperatures. 

Starkweather,*  in  a  critical  review  of  various  determinations  of  the 
latent  heat  of  water  vapor,  quotes  the  work  of  Dieterici,*  Griffiths,* 

1  **  Concerning  Regnault' s  calorie  and  our  knowledge  of  the  specific  Tolumes  of 
steam."     Amer.  Jour.  Sci.,  7  (1899),  p.  13. 

•Ann.  Phys.  u.  Chem.  (Wiedemann),  38,  1889. 
»Phil.  Trans.  Roy.  Soc.  (London),  A,  1895. 
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and  Svensson,*  as  the  best  that  has  been  done  at  low  pressure  and 
temperatures.  Dieterici  and  Svensson  determined  with  an  ice  calo- 
rimeter the  latent  heat  of  water  vapor  at  0°  C.  Dieterici's  work  is 
very  carefully  done,  and  his  result  is  Z  =  598.9  at  0°  C,  in  terms 
of  the  quantity  of  heat  required  to  raise  i  gram  of  water  from  15° 
to  16°  as  the  unit  of  heat.  Svensson's  result  agrees  very  closely 
with  this,  being  599.9.  Griffiths  measured  the  latent  heats  of  water 
vapor  between  25°  and  50°  C,  and  succeeds  in  representing  them 
by  the  formula  L  =  596.73  —  .601/.  Extrapolating  to  0°  and  100®, 
this  agrees  quite  well  with  Dieterici  at  0°  and  Regnault  and  others 
at  100®,  being  596.73  at  o*'  and  536.6  at  100°.  None  of  these  ex- 
periments, however,  have  been  carried  out  at  the  temperature  com- 
monly used  in  the  respiration  calorimeter — /.  e.,  20°  C.  Hence  we 
are  obliged  to  deduce  the  latent  heat  of  vaporization  at  20°  from 
formulas  given  by  experiments  at  other  temperatures. 

Using  Regnault's  original  formula,  from  which  Z  =  606.5  —.695  / 
we  get  L  =  592.6  at  20®  C.  Using  Starkweather's  modification  of 
this  formula,  which  agrees  with  Regnault's  results  at  temperatures 
between  63°  and  100°  better  than  Regnault's,  viz,  Z  =  598.9 — 
,558  /  — .00064/^  Z  becomes  587.5  at  20°  C.  Using  Griffith's 
formula  above  as  quoted  Z  =  584.5  at  20°  C. 

Some  preliminary  experiments  have  been  made  with  the  respira- 
tion calorimeter,  with  a  view  of  determining  this  quantity  Z,  /.  ^.,  the 
latent  heat  of  vaporization  of  water  at  2Q°,  under  the  circumstances 
of  the  respiration  experiment.  The  results  so  far  have  not,  however, 
given  a  satisfactory  value  for  this  quantity.  We  have  therefore 
taken  592  as  a  provisional  value  for  the  calculation  of  the  experi- 
ments reported  in  this  article,  and  it  would  appear  that  this  is  prob- 
ably within  I  per  cent,  of  the  truth,  although  it  is  possibly  more 
than  one  per  cent,  too  great.  Further  investigations  at  20**  are 
necessary  in  order  to  fix  the  value  more  precisely. 

5.  Description  of  the  Test  Experiments. 

Various  substances  have  been  used  by  experimenters  with  dif- 
ferent forms  of  respiration  apparatus  for  burning  within  the  chamber 

» BeiblStter,  Ann.  Phys.  u.  Chem.  (Wiedemann),  20,  p.  356. 


Digitized  by  VjOOQ  IC 


234  ^'    ^'   ATWATER  AND  E,   B,   HOSA.  [Vol.  IX. 

in  order  to  deliver  known  quantities  of  carbon  dioxid  and  water  for 
the  purpose  of  testing  the  accuracy  of  the  apparatus  and  methods. 

The  chief  difficulty  is  to  find  substances  which  can  be  so  burned 
as  to  insure  complete  oxidation  of  the  carbon  and  hydrogen.  The 
first  attempts  in  this  laboratory  with  the  combustion  of  alcohol  were 
unsatisfactory  because  the  oxidation  of  the  alcohol  was  incomplete, 
and  a  considerable  amount  of  experimenting  was  necessary  in  order 
to  learn  the  conditions  under  which  complete  combustion  could  be 
secured.  As  the  result  a  small  lamp,  such  as  is  ordinarily  used 
with  kerosene  for  illuminating  purposes,  has  been  employed.  By 
proper  arrangement  of  wick  and  chimney  the  alcohol  is  burned  so 
completely  that  no  traces  of  volatilized  alcohol,  acetone,  aldehyde, 
carbon  monoxid,  or  other  substances  capable  of  yielding  carbon 
dioxid  upon  heating  with  oxygen  could  be  found  among  the  prod- 
ucts of  combustion. 

A  considerable  number  of  alcohol  test  experiments  were  made. 
The  individual  experiments  included  from  one  to  seven  periods  or 
"runs"  of  approximately  six  hours  each. 

The  lamps  used  in  these  tests  contain  approximately  380  grams 
of  alcohol.  By  adjusting  the  wick  the  rate  of  burning  was  so 
regulated  as  to  give  off  carbon  dioxid  and  water  in  the  desired 
amounts. 

In  Table  VII.  are  summarized  the  principal  results  of  all  the 
alcohol  check  tests  which  were  made  up  to  the  ninth,  except  the 
preliminary  tests,  in  which  the  methods  of  manipulation  were  being 
worked  out,  and  t\vo  tests  the  completion  of  which  was  prevented 
by  accident.  These  individual  experiments  continued  from  5  to  78 
hours  each,  the  total  time  being  317  hours.  The  rate  of  burning 
of  the  alcohol  ranged  from  10  to  27  grams  per  hour,  and  the 
strength  of  the  alcohol  from  90.26  to  90.77  per  cent.  Most  of 
the  tests  were  made  in  alternation  with  experiments  with  men,  the 
object  being  to  test  the  accuracy  of  the  apparatus  before  and  after 
each  of  the  latter  experiments. 

It  will  be  noticed  that  in  No.  4  the  determination  of  carbon  dioxid 
was  unsatisfactory,  though  we  were  unable  to  decide  whether  the 
error  was  due  to  imperfect  sampling  or  other  cause.  The  result  is 
not  included  in  the  average  of  Table  VII.     The  measurement  of  the 
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heat  was,  however,  very  close  to  the  theoretical  value.  Almost  im- 
mediately after  the  close  of  this  test  another  was  made,  in  which  all 
the  results  were  very  closely  in  accord  with  the  theoretical  values. 
If  the  determinations  of  carbon  dioxid  in  test  No.  4  are  omitted,  the 
maximum  variation  of  the  amounts  determined  from  the  theoretical 
amounts  given  off  by  the  combustion  of  the  alcohol  was  1.4  per 
cent,  and  the  average  variation  only  o.  i  percent.,  or  i  part  in  1,000 
from  the  theoretical. 

In  tests  Nos.  3  and  4  the  determinations  of  water  were  unsatis- 
factory. We  are  inclined  to  attribute  the  errors  to  variations  in  the 
amounts  of  water  condensed  upon  the  absorbers.  These  results, 
like  that  for  carbon  dioxid  in  No.  4,  are  omitted  from  the  averages. 
Omitting  the  determinations  of  water  in  tests  Nos.  3  and  4,  the 
maximum  variation,  as  actually  determined  from  the  theoretical 
amount,  was  1.2  per  cent,  and  the  average  variation  cnly  0.6  per 
cent.  In  test  No.  7  the  proportion  of  heat  measured  was  larger 
than  usual.  It  will  be  observed,  however,  that  this  test  continued 
only  through  one  period  of  six  hours.  Some  time  is  required  to 
get  the  apparatus  in  temperature  equilibrium,  and  the  heat  measure- 
ments of  the  first  experimental  period  are  frequently  incorrect  on 
this  account.  The  omission  of  this  experiment  would  not  materially 
affect  the  totil  a\*erages.  Omitting  this  exjxrriment^  the  maximum 
variation  of  the  heat  actually  measured  from  the  theoretical  amount 
>*'as  o.S  per  cent  and  the  a\*crage  variation  only  o.i  per  cent 

6.  Summary  of  Test  Experiments, 

The  accuracy  of  the  methods  for  the  determination  of  carbon 
dioxid,  water  and  heat  was  tested  by  heat  generated  in  the  chamber 
by  passing  an  electric  current  through  a  resistance  coil  and  by  burn- 
ing ethyl  alcohol  within  the  chamber.  In  the  electrical  tests  the 
nK'ASurvmcnts  of  luwt  generated  and  found  were  practically  identical, 
the  diiVcrcnces  betwvcn  the  thec^retical  and  actual  results  averaging 
about  a!  per  cent — ihat  is,  abv^ut  !  ^^art  in  !,ooa  In  the  alcohol 
tests  the  ax-crage  amounts  found  by  actual  experiment  were :  For 
carbon,  vX>.o  per  cent  ;  hxxiiWj^rn,  loao  per  cent  ;  and  heat,  99.9 
per  cent,,  ix^jxvtiwly,  of  the  thev>nMical  amounts. 

The  dcteniiinations  iM'  carbon  dioxid  and  water  made  by^  burning 
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large  quantities  of  alcohol  in  the  respiration  chamber  agree  reason- 
ably well  with  each  other  and  with  the  theoretical  amounts.  The 
variations,  indeed,  are  not  greater  than  are  found  in  ordinary  labo- 
ratory experience  when  alcohol  is  burned  in  the  combustion  furnace 
by  the  usual  methods  of  organic  analysis. 

The  agreement  thus  shown  to  exist  between  the  results  given  by 
the  respiration  calorimeter  and  the  bomb  calorimeter  for  the  heat 
of  combustion  of  alcohol,  is  also  very  satisfactory  when  the  great 
difference  in  the  circumstances  of  the  experiments  is  taken  into 
consideration.  In  the  bomb  calorimeter  a  fraction  of  a  gram  of 
alcohol  is  absorbed  in  a  small  block  of  cellulose  or  inclosed  in  a 
gelatin  capsule  and  placed  in  a  steel  cylinder  of  perhaps  half  a  liter 
capacity,  which  is  filled  with  oxygen  at  a  pressure  of  20  atmos- 
pheres. An  electric  current  passes  through  a  fine  iron  wire,  melts 
the  latter,  and  ignites  the  alcohol,  which  is  completely  oxidized  in 
an  instant.  The  increase  of  temperature  of  the  bomb  and  the  water 
in  which  it  is  immersed  gives  the  quantity  of  heat  evolved,  and  from 
that  the  heat  of  combustion  of  a  gram  of  alcohol  is  computed.  In 
the  respiration  calorimeter,  on  the  other  hand,  the  alcohol  contained 
in  a  small  lamp  bums  quietly  for  many  hours  in  a  chamber  ten 
thousand  times  as  large  as  the  bomb.  Oxygen  is  supplied  by  a 
continuous  current  of  air  pumped  through  the  apparatus,  and  a  con- 
siderable portion  of  the  heat  of  combustion  is  carried  away  in  the 
latent  heat  of  the  water  vapor  produced.  The  sum  of  the  heat 
measured  by  the  calorimeter  and  the  latent  heat  of  the  water  vapor 
collected  gives  the  total  heat  produced  by  the  burning  alcohoL 
That  the  average  of  a  series  of  nine  experiments  should  vary  less 
than  o.  I  per  cent,  from  the  average  of  the  determinations  with  the 
bomb  calorimeter  seems  a  gratifying  result.  Taken  in  connection 
with  the  electrical  tests  and  the  determinations  of  carbon  dioxid 
and  water  already  given,  the  results  show  that  the  respiration  ca- 
lorimeter is  an  instrument  of  precision  and  abundantly  capable  of 
doing  the  work  for  which  it  was  designed. 
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IV. 

EXPERIMENTS  WITH  MAN. 
The  apparatus  previously  described  was  designed  exclusively  for 
experiments  with  human  subjects.  There  were  several  reasons  for 
beginning  with  men  rather  than  with  domestic  animals.  The  study 
of  human  nutrition  is  very  important.  In  the  earlier  development 
of  the  work,  when  many  difficulties  were  to  be  overcome,  it  was 
very  desirable  to  have  inside  the  apparatus  an  intelligent  person  who 
could  make  and  record  important  observations  during  the  experi- 
ment, rather  than  an  animal  whose  movements,  even,  could  not  be 
controlled.  Indeed,  the  most  advantageous  way  to  develop  meth- 
ods and  apparatus  for  experiments  with  animals  is  through  such 
preliminary  experience  with  men.  The  results  of  the  experience 
thus  far  gained  are  now  being  utilized  both  here  and  elsewhere  in 
planning  apparatus  and  methods  to  be  used  not  only  with  small 
animals,  as  rabbits,  sheep  and  dogs,  but  also  with  larger  animals,  as 
horses,  oxen  and  cows. 

Plan  of  Experiments. 

The  diet  chosen  for  any  given  experiment  is  followed  for  eight 
days,  of  which  the  last  four  constitute  the  period  of  the  experiment 
proper.  In  the  first  or  preliminary  period,  extending  through  four 
days,  the  analyses  of  feces  and  urine  are  made,  the  data  thus  suffic- 
ing for  a  digestion  and  nitrogen  metabolism  experiment.  On  the 
evening  of  the  fourth  day  the  subject  enters  the  respiration  chamber, 
though  the  actual  respiration  calorimeter  experiment  does  not  begin 
until  7  o'clock  on  the  morning  of  the  fifth  day.  The  night  sojourn 
in  the  apparatus  suffices  to  get  the  temperature  of  the  apparatus  and 
its  content  of  carbonic  add  and  water  into  equilibrium,  so  that  ac- 
curate measurements  may  begin  with  the  morning  of  the  fifth  day 
and  continue  until  7  o'clock  on  the  morning  of  the  ninth  day,  thus 
making  the  duration  of  this  experiment  exactly  four  days.  As  in 
the  test  experiments  already  reported  the  determinations  of  carbon 
dioxid,  water  vapor  and  heat  are  made  in  six-hour  periods,  so  that 
the  complete  data  for  an  experiment  show  the  total  amounts  of 
these  compounds  given  off  from  the  body  during  the  periods  ending 
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at  I  p.  m.,  7  p.  m.,  i  a.  m.  and  7  a.  m.  of  each  day  of  the  experi- 
ment. The  urine  is  also  collected  and  the  nitrogen  determined  for 
corresponding  periods. 

The  accompanying  schedule  shows  the  daily  routine  followed  in 
the  experiment  here  reported,  which  was  carried  out  in  January, 
1898. 

Table  VIII. 

Da'ly  program  of  the  exteriment. 


7.00  a.  m. 

Rise. 

1.15  p.  m. 

Dinner. 

Pass  urine. 

4.00  p.  m. 

Drink  200  grams  water. 

Weigh  self,  stripped. 

6.30  p.  m. 

Supper. 

Weigh  absorbers. 

7.00  p.  m. 

Pass  urine. 

Collect  drip. 

Collect  drip. 

7.45  a.  m. 

Breakfast. 

Weigh  absorbers. 

10.30  a.  m. 

Drink  200  grams  water. 

10.00  p.  m. 

Drink  200  grams  water. 

1.00  p.  m. 

Pass  urine. 

Weigh  self,  stripped. 

Collect  drip. 

Retire. 

Weigh  absorbers. 

1.00  a.  m. 

Pass  urine. 

In  this  experiment  the  subject  was  as  quiet  as  practicable.  In 
the  four  days  of  the  preliminary  period  he  moved  about  but  little 
and  engaged  in  no  considerable  amount  of  either  muscular  or  mental 
labor.  During  the  four  days  passed  in  the  chamber  he  was  like- 
wise quiet.  The  only  muscular  work  done  was  that  involved  in 
dressing,  putting  up  and  taking  down  the  folding  chair,  table,  and 
bed,  weighing  himself  and  the  absorbers,  taking  his  meals,  and  caring 
for  the  excreta.  He  passed  a  large  part  of  the  time  in  reading  and 
sleeping. 

The  heats  of  combustion  of  the  food,  feces,  and  urine  were  de- 
termined in  the  usual  manner  by  means  of  the  bomb  calorimeter. 

The  determinations  of  carbon  and  hydrogen  were  made  in  the 
usual  manner.  The  partially  dried  samples  of  food,  feces  and  urine 
were  burned  with  cupric  oxid  with  the  aid  of  a  current  of  oxygen, 
and  the  water  absorbed  by  sulphuric  acid,  the  carbon  dioxid  by  po- 
tassium hydroxid. 

The  percentage  composition  and  heats  of  combustion  of  the  food 
used  in  the  experiment  here  described,  and  of  the  feces  for  the 
same  experiment  is  shown  in  Table  IX. 
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residual  air  in  the  apparatus  at  the  close  of  each  period  gives  data 
for  the  calculation  of  the  increase  or  decrease  of  the  carbon  dioxid 
in  the  chamber  at  the  end  as  compared  \vith  the  beginning  of  each 
period.  Applying  this  correction  the  actual  elimination  of  carbon 
dioxid  by  the  subject  is  obtained  for  each  six-hour  period.  From 
this  is  calculated  the  total  weight  of  carbon  exhaled. 


Table  XI. 

Record  of  carb*m  dioxid. 

Period. 

Ventila. 

tion: 
number 
of  liters 

of  air. 

Liters. 
25,712 

Carbon  dioxid  per  liter. 

Total 
excess 
in  out- 
going 
air. 

Cor- 
rection 
fcr  car- 
bon 
dioxid 

in 
appa- 
ratus. 

Cor- 
rected 
weigbt 
carbon 
dioxid 
exhaled 
by  sub- 

GratHs. 
233.9 

ToUl 

jy^yJ 

In  in- 
coming 
air. 

In  out- 
going 
air. 

Excess 
in  out- 
going 
air. 

weight 
carbon 
exhaled 

in 
carbon 
dioxid. 

1 

7  a.m.  to  1  p.m. 

0%) 

9.556 

8.976 

Grams, 

230.8 

Grams. 
+   3.1 

Grams. 

63.8 

1  p.m.  to  7  p.m. 

25,987 

.563 

9.686 

9.123 

237.1 

+  14.9 

252.0 

68.7 

7  p.m.  to  1  a.m. 

26,785 

.622 

8.997 

8.375 

224.3 

-14.7 

209.6 

57.2 

1  a.m.  to  7  a  m. 
Total 

26,065     .593 

5.891 
8^750 

5.298 
8^77 

138.1 
830.3 

-  2.5 
^  .8 

135.6 
"83~l.i 

37.0 

104,549 
T7^7 

.571 

226.7 

2 

7  a.m.  to  1  p.m. 

221.3 

+11.3 

232.6 

63.4 

1  p.m.  to  7  p.m. 

25,878 

.560 

9.109 

8.549 

221.3 

+  5.3 

226.6 

61.8 

>  7  p.m.  to  1  a.m. !  26,652 

.612 

9.556 

8.944 

238.4 

-12.6 

225.8 

61.6 

1  a.m.  to  7  a.m.;  26,011 

.629 

5.765 

5.136 

133.6 

-  5.2 

128.4 

35.0 

Total 

105.598 
26,342 

814.6 

-  1.2 

813.4 

221.8 

3 

7  a.m.  to  1  p.m. 

.624 

9.139 

8.515 

224.3 

+19.2 

243.5 

66.4 

1p.m.  to  7  p.m.:  26,492-    .721 

9.349  8.628 

228.6 

+    .3 

228.9      62.4 

7  p.m.  to  1  a.m. 

26,147!    .722 

9.326 

8.604 

225.0 

-10.6 

214.4      58.5 

1  a.m.  to  7  a.m. 

25,163     .727 

5.917 

5.190 

130.6 

-  8.1 

122.5 

33.4 

Totol 

104,144    .... 
26,427     .710 



808.5 

+    .8 
+2i.¥ 

809.3 

220.7 

4 

7  a.m.  to  1  p.m. 

8.973 

8.263 

218.4 

239.6 

65.3 

1  p.m.  to  7  p.m. 

25,7311    .735 

9.525  8.790 

226.2 

+    .3 

226.5 

61.8 

7  p.m.  to  1  a.m. 

26,046,    .636 

10.021'  9.385 

244.5 

-14.0 

230.5 

62.9 

1a.m.  to  7  am.'  26,338     .612 

5.870  5.258 

138.5 

-  9.1 

129.4;    35.3 

Total :104,542     

1  827.61-  1.6 

826.0  ,  225.3 

Total,  4  days...  418,833 

3,279.8  i  894.5 
819.9  1  223.6 

Av.  per  day....  1104-708 





_ 

Table  XII.  shows  the  amount  of  water  exhaled.  It  indicates 
the  number  of  liters  of  air  in  the  ventilating  air  current  and  the 
milligrams  per  liter  of  water  vapor  in  the  incoming  air  and  in  the 
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outgoing  air  after  passing  the  freezers,  which  latter  condense  the 
major  portion  of  the  water  vapor  in  the  outgoing  air  current  From 
these  data,  together  with  the  amount  of  water  condensed  in  the 
freezers,  the  amount  condensed  in  the  chamber  as  *•  drip,"  and  the 
determinations  of  residual  water  vapor  in  the  chamber,  is  computed 
the  total  water  exhaled  by  the  subject. 

Table  XII. 

Rtiord  of  water. 


Ptriod. 


Water  p«r  liter. 

Vcntiia-  Total 

tion ;  excess 

number    lain-    In  out-  ■•**^«  ia  out- 
of  liters  cominc   going    'f^?***'    going 
,   of  air.        air.        air.       «<>>»«       air. 


Correc- 
Ccn-     ,   Con  -    tion  for, 
dcnscd    densed     water  I    Total 
in  in         vapor      ^^^^er 

frees-      cham-  '      in       exhaled, 
ers.  ber.      cham-  \ 

\  ber.     I 


/  itttrs. 

7  «.ni.  to  1  p.m.  25,712 

1  p.m.  to  7  p.m.  25,987 

7  p.m.  to  1  a.m.  26,785 

I  a.m.  to  7  a.m.  26,065 


0.895  l.JOl 

.816  1.258 

.792  1.184 

.731  1.143 


4*^.  Crams. 

0.406  10.4 

.442  11.5 

.392  10.5 

.412  10.7 


Grams, 

207.5 

Grams. 

14.0 

Grams. 

-13.5 

230.2 

22.0 

^15.3 

238.1 

-18.0 

+  3.1 

223.0 

-6.9 

Totnl . 


104,549 43.1      898.8       18.0-2,0 


Grams. 

218.4 
279.0 
233.7 
226.8 

957^ 


7  a.m.  to  1p.m.  27,057 

1  p.m.  to  7  p.m.  25,878 

7  p.m.  tt>  1  a.m.  26.652 

1  a.m.  to  7  a.m.  26,011 


.737  1.187  .450  12,2  212.0.      3.0  V     .5 

.821  1.232  .411  10.6  213.7   -  1.0  +2.2 

.749  1.221  .472  12.6  230.7   -21.0   +  4.6 

.723  1.219  .496  1^9  208.4    -  9.7 


227.7 
225.5 
226.9 
211.6 


lolal     ...     105.598     48.3      864.8   -19.0  -  2.4  1     891.7 


7  a.m.  to  1  p.m. 
1  p.m.  to  7  p.m. 
7  p.m.  to  1  a.m. 
1  a  m.  to  7  a.m. 

Total   .... 

7  a,m.  to  1  p.m. 
I  pju.  Iv7  p,m. 
f  p  IH,  M  \  4,m 


26.342 
26.492 
26.147 
25.163 

104,144 

26.427 
25.T3: 


.764 
.772 
.740 
.799 


.793 

.776 
715 


1.320      .556  14.6  202.1 

1.206      .434  11.5  208,3 

1.088      .348  9.1  230.6 

1.271      .472  11,9  209.0 

47.1  8500 


13.1 

4.0 

-  8,0 


+  3.8 

+    .5  , 

+10.5 

-15.1 


233.6 
224.3 
242.2 
205.8 


1.293 

LIU 

M09 


.500 
.547 
.352 
.394 


13.2 

14.1 

9.2 

10.4 


209.2 
206.2 
235.5 
234.6 


9.1  -    .3 

41.8   +  3.9^ 

37.8  +  2.3 

-  6.7   +  5.4 

4.2  -11.6 


905.9 

268.1 
260.4 
243.4 
237.6 


iinal     ,..     IWJ4J       46.9      885.5 

itiiii*.  4  »l*y*,    4  U^.vlU     . , 185.4  3,499.1 

^i.ttvttlAy        W.TOS  


77.1   1,009.5 

85.2  -  4.7    3,765.0 
941.3 


\h\*  ViiimitwcXnc  n-jtiilts  iil>tained  in  this  experiment  are  shown  in 
InliW  \ltl,  TW  det.iiU  of  the  table  and  moethds  of  computation 
HU'  rit|>ttiiiir4l  in  Biilictin  03  ot' the  Office  of  Elxpenmental  Stations, 
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Table  XIII. 

Summary  of  calorimeiric  measurements 


Day 

Period. 
7  a.m.  to  1  p.m. 

Heat 

ured. 

Change 

of 

tem- 

perat  re 

of 
calorim- 
eter. 

Capac- 
ity 
correc- 
tion. 

Correc- 
lioodoe 

to  tem- 
perature 

of  food 
and 

dishes. 

-  22.2 

Cor- 
rected 
heat. 

Colt. 

532.9 

Water 
vapor- 
ised. 

Gramx, 

217.9 

Equiva- 

1  ntheat 

of  vater 

vipor- 

Total 
heat. 

1 

(Ms.     ,       oc. 
547.9     +0.12 

CaU, 

+  7.2 

Cats. 
129.0 

Calx. 

661.9 

1  p.m.  to  7  p.m. 

556.6 

-  .12 

-  7.2 

-37.5 

511.9 

241.7 

143.1 

655.0 

7  p.m.  to  1  a.m. 

472.7 

-  .05 

-3.0 

0 

469.7 

248.6 

147.1 

616.8 

1  a.m.  to  7  a.m. 

277.3 

-  .03 

-  1.8 
-4.8 

0      275.5 

233.7 

138.4 
557.6 

413.9 

ToUl   .... 

1,854.5 

-  59.7 

1,790.0 

2,347.6 

2 

7  a.m.  to  1  p.m. 

490.7 

+  .04 

+  2.4 

-  22.9 

470.2 

224.2 

132.7 

602.9 

1p.m.  to  7  p.m.  1    489.2 

+  .08 

+  4.8 

-  28.3 

465.7  1  224.5 

132.9 

598.6 

7  p.m.  to  1  a.m. 

497.4 

-  .15     -  9.0 

0      488.4  1243.3  1     144.1 

632.5 

1  a.m.  to  7  a.m. 

289.2 
1,766.5 

+  .15     +  9.0 

0       298.2 

221.3       131.0 
7..".j~540.7 

429.2 

Total 

+  7.2 

-  51.2 

1,722.5 
1     508.2 

2,263.2 

3 

7  a.m.  to  1  p.m. 

524.6 

+  .08  1  +  4.8  1  -  21.2 

216.7       128.3 

636.5 

j  1  p.m.  to  7  p.m.'    512.1 

+  .08     +  4.8     -  31.8  1     485.1 

219.8  '     130.1  1     615.2 

7  p.m.  to  1  a.m  1    486.6 

-  .18  1  -10.8  1           0 

475.8 

239.7 

141.9       617.7 

1  a.m.  to  7  a.m. 

296.1 
1,819.4 

+  .10 

!  +  6.0 
IT4.8 

0 

302.1  1  220.9 

130.8 

432.9 

Total 

-  53.0  1 1,771.2  ' 

531.1 

2,302.3 

4 

7  a«m.  to  1  p.m. 

503.3 

I-.05 

-  3.0  ,  -  21.3  I     479.0  ,  222.4       131.7 

610.7 

1  p.m.  to  7  p.m.'    536.4 

1  +  .05  1  +  3.0  ;  -  29.2  1     510.2    220.3 

130.4 

640.6 

1  7  p.m.  to  1  a.m.     497.5  ;  -  .10  |  -  6.0              0  i     491.5    244.7 

144.9 

636.4 

1  1  a.m.  to  7  am. 

290.7 
i'827.9~ 

+  .04     +  2.4  1           0  1     293.1    245.0 

145.0 

i     438.1 

Total 

1 

-  3.6  |-  50.5,1,773.8; 

552.0 

2,325.8 

Tout,     four                 1 

I 

days  ....  7,268.3    

+  3.6 

-214.4   7,057.5  1 

2,181.4 

9,238.9 

Av.  per  day 

1,817.1 

1 

+    .9 

-  53.6 

1,764.4 

1 1     545.3 

2,309.7 

As  has  been  previously  mentioned,  the  urine  was  collected  in  six- 
hour  periods  beginning  at  7  a.  m.  (the  hour  of  beginning  and  end- 
ing the  experiment).  The  amount  of  nitrogen  in  the  urine  from  7 
a.  m.  of  one  day  to  7  a.  m.  next  day  is  taken  as  a  measure  of  the 
protein  metabolized  during  this  period.  Of  course  this  makes  no 
allowance  for  the  nitrogen  lag,  /.  ^.,  the  period  between  the  metabol- 
ism of  the  nitrogen  and  its  excretion,  but  it  was  considered  that  the  er- 
ror thus  mtroduced  might  be  ignored,  since  the  subject  had  been  liv- 
ing on  the  same  diet  and  had  had  the  same  exercise  from  day  to  day 
for  the  experimental  period  of  four  days  and  the  previous  four  days 
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of  the  preliminary  experiment  also.  The  amount  of  nitrogen  in  the 
urine  for  1 2  to  24  hours  after  the  close  of  the  experiment  was  also 
determined  in  six-hour  periods,  although  these  values  are  not  re- 
corded here.  In  Table  XIV.  is  summarized  the  amount  of  urine  for 
each  day  of  the  experiment,  together  with  the  percentage  and 
amounts  of  nitrogen  and  carbon,  and  the  heat  of  combustion  per 
gram  and  the  total  heat  of  combustion  of  the  urine. 


Table  XIV. 

Amount  and  composition  of  wine. 


Amount. 

Nitrogen. 

Carbon. 

Heat  of  combustion. 

Per  gm. 

Total 

First  day. 

Gramu. 

1,855.3 

Per  cent. 
1.01 

G  ams. 

18.75 

Per  cent. 

0.69 

G^ams. 
12.80 

Calories. 

0.082 

Calo^iet. 

152 

Second  day. 

1,977.6 

.95 

18.75 

.65 

12.79 

.081 

160 

Third  day 

1,510.6 

1.21 

18.28 

.83 

12.50 

.095 

143 

Fourth  day. 

1,358.9 
6,702.4 

1.32 

17.89 

.90 

12.19 

.102 

139 

Total,  four  days. 

73.68 

50.28 

594 

Average  per  day. 

1,675.6 

18.42 



12.57 

149 

The  data  previously  given  serve  for  the  calculation  of  Tables  XV. 
and  XVI.,  which  show  the  gain  or  loss  of  nitrogen,  carbon,  protein 
and  fat  and  the  comparison  of  the  estimated  heat  of  the  material 
oxidized  in  the  body  with  the  heat  actually  measured  in  this 
experiment.  The  calculations  are  partially  explained  by  the  letters 
and  algebraic  formulas  at  the  tops  of  the  columns.  Thus  column 
d  indicates  the  gain  or  loss  of  nitrogen,  and  is  computed  by  adding 
the  amounts  in  the  feces  and  urine,  as  shown  in  columns  b  and 
r,  and  subtracting  this  sum  from  the  amount  in  the  food  as  shown 
in  column  a.  Protein  contains,  approximately,  16  per  cent,  of  nitro- 
gen, and  hence  by  multiplying  the  nitrogen  loss  by  6.25  we  get  the 
quantity  of  protein  of  the  body  which  must  have  been  oxidized ;  this 
is  given  in  column  e. 

The  numbers  in  columns/,  g  and  h  are  the  results  of  direct  chem- 
ical analysis  of  samples  of  food,  feces  and  urine,  the  details  of  which 
are  not  here  reported.  The  numbers  in  column  /  are  taken  from 
Table  XI.,  and  column/  gives  the  net  gain  of  carbon  during  each  day 
of  the  experiment. 
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As  protein  contains,  approximately,  53  per  cent,  of  carbon,  the 
amount  of  carbon  yielded  by  the  daily  consumption  of  body  pro- 
tein is  computed  by  multiplying  the  numbers  of  column  ^  by  .53  ; 
these  results  are  given  in  column  k.  But  there  was  a  net  gain  to 
the  body  of  carbon,  which  is  explained  by  the  inference  that  there 
was  more  carbon  stored  in  fat  accumulated  than  was  lost  in  protein 
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oxidized  We  get  the  quantity  of  carbon  stored  in  body  fat  by 
adding  the  numbers  of  columns  y  and  k,  and  the  sums  are  shown  in 
column  /.  Finally,  since  fat  contains  about  76.5  56  of  carbon,  we 
obtain  the  quantities  of  fat  daily  stored  in  the  body  by  dividing  the 
numbers  of  column  /  by  .765,  and  these  quantities  are  shown  in 
column  m. 

In  Table  XVI.  the  values  given  in  columns  «,  o  and  /  are  actual 
heats  of  combustion  as  determined  by  the  bomb  calorimeter.  The 
values  in  columns  q  andr  are  obtained  by  the  use  of  the  factors  5.5 
and  9.4  representing  the  average  heat  of  combustion  of  i  gram  of 
protein  and  fat,  respectively.  The  values  in  column  /  are  obtained 
from  Table  XIII. 

Table  XVI. 

Income  and  outgo  of  energy. 


First  day. 
Second  day. 
Third  day. 
Fourth  day. 


Total. 
Av.  per  day. 


Energy  (heats  of  combastlon). 


Actually  determined. 


Oftood. 


Of  feces. 


Of  uriae 


Calories.   Colo 'Us.  Calories. 

142  I  152 

142  I  160 

142  I  143 

142  I  139 


2,717 
2,717 
2,717 
2,717 

iM68,  568  1^594" 
2,717  I  142  I  149 


Estimated. 


Of  pro- 
tein lost 


Of  fat 

gained 


Of  mate- 
rial actu- 
ally oxi- 
dixed  in 


Calories. 

-27 

Calories. 
+  140 

Calories. 

2,310 

-35 

+208 

2,242 

-14 

+20Q 

2,246 

-  3 

+  135 

2,304 

-79 

+683 

9,102 

-20 

+171 

2,275 

L 
Heat 
actually 
meas- 
ured. 


Calories. 

2,348 
2,263 
2,302 
2,326 

^239^ 
2,310 


Ratio 
of  heat 
mess- 
ured  to 
that  of 
mate- 
rial ac- 
tually 

oxi- 
dlxed. 

t-i-s. 


PerCemi, 


101.5 


Results  of  the  Experiment  with  a  Human  Subject. 

Table  XV.  shows  that  the  subject  under  experiment  eliminated 
daily  on  an  average  1 9.  /g.  of  nitrogen  while  he  received  only  1 9.  i  g.  of 
nitrogen  in  his  food.  This  daily  loss  of  nitrogen  is  taken  to  indicate  a 
daily  metabolism  of  protein,  the  heat  of  combustion  of  which  is  given 
in  column  q  of  table  XVI.  The  energy  of  the  material  actually  oxi- 
dized in  the  body,  as  given  in  column  j,  is  obtained  as  follows  :  Taking 
the  first  day  as  an  example,  we  subtract  the  heat  equivalent  of  feces 
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and  urine,  294  calories,  from  the  total  heat  value  of  the  food,  2,717, 
This  leaves  2,423  calories.  But  140  was  stored  in  the  body  as  fat 
while  27  was  realized  by  combustion  of  body  protein.  Hence  113 
calories  was  stored  over  and  above  that  derived  from  body  protein, 
and  subtracting  113  from  2,423  we  have  2,310  calories  as  the  net 
amount  of  energy  that  should  have  appeared  as  heat  when  all  me- 
chanical work  of  the  body,  internal  and  external,  has  been  converted 
into  heat.  The  average  for  the  four  days  was  2,275,  while  the 
average  quantity  of  heat  measured  by  the  calorimeter,  including  the 
latent  heat  of  water  vapor  carried  away  in  the  air  current,  as  shown 
in  Table  XIII.,  was  2,310  calories.  This  is  a  difference  of  35  cal- 
ories, or  1.5  %. 

In  later  experiments,  about  to  be  reported,  the  differences  be- 
tween  income  and   outgo  of  energy  average  somewhat  nearer  to 
the  theoretical ;  in  other  words,  in  these  more  accurate  experiments 
not  far  from  99  per  cent,  of  the  potential  energy  of  the  material 
metabolized  and  oxidized  in  the  body  is  accounted  for  in  the  kinetic 
energy  given  off  in  the  forms  of  heat  and  external  muscular  work. 
In  how  far  this  fairly  close  agreement  is  due  to  a  counterbalanc- 
ing of  errors  it  is  impossible  to  say.     But  in  view  of  the  physiolog- 
ical difficulties  in  the  way  of  absolutely  accurate  results,  and  the 
evident  possibility  of  minor  errors  in  the  purely  chemical  and  phys- 
ical determinations,  and  likewise  in  the  factors  used  for. computation, 
this  agreement  seems  to  us  very  satisfactory.     We  believe  that  it 
marks  a  stage  in  thp  development  of  the  apparatus  and   methods 
sufficient  to  warrant  extended  series  of  experiments  upon  various 
questions  connected  with  the  laws  of  nutrition,  and  such  experi- 
ments have  been  begun.     Efforts  are  being  made  at  the  same  time 
to  eliminate  part  at  least  of  the  experimental  errors.     At  present 
these  efforts  are  chiefly  in  the  direction  of  improvement  of  methods 
of  sampling  and  analyzing  the  food  materials  and  excretory  products, 
and  finding  of  minor  sources  of  error  in  the  determination  of  carbon, 
hydrogen  and  heat  given  off  in  the  respiration  chamber,  and  the 
direct  determination  of  the  oxygen  of  income  and  outgo.     Minor 
alterations  are  also  being  made  in  the  apparatus  and  the  methods  of 
its  manipulation  by  which  it  is  hoped  that  somewhat  greater  accu- 
racy may  be  secured. 
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Mechanical  Efficiency  of  a  Man. 

In  May,  1897,  an  experiment  was  carried  out  in  which  the  sub- 
ject under  investigation  performed  a  considerable  amount  of  muscu- 
lar work.  This  was  converted  into  heat  by  means  of  a  small 
dynamo  belted  to  a  stationary  bicycle.  The  current  generated  in 
the  dynamo  passed  through  an  incandescent  lamp,  and  all  the  heat 
produced,  either  by  friction  or  by  the  electric  current,  was  measured 
by  the  calorimeter  along  with  that  given  off  by  the  body  directly. 
This  experiment  was  less  accurate  than  the  one  reported  above  for 
two  principal  reasons :  first,  because  the  methods  of  sampling  the 
food  were  then  less  accurate  than  in  the  later  experiments,  and 
second,  because  the  large  amount  of  heat  evolved  during  working 
hours,  and  the  sudden  changes  of  rate  from  work  to  rest,  made  it 
impossible  to  measure  the  heat  as  accurately  as  in  the  "  rest "  ex- 
periment. The  average  number  of  calories  measured  daily  was 
3,726,  the  number  which  corresponds  to  the  total  material  oxidized 
was  3.830;  thus  the  difference  was  2,J  per  cent,  of  the  latter 
amount.  The  amount  of  work  done  by  the  subject  on  the  bicycle- 
dynamo  was  separately  determined.  This  was  done  by  adding  to 
the  energy  of  the  current,  as  measured  by  a  voltmeter  and  an  am- 
meter, the  energy  required  to  overcome  the  friction  of  the  bicycle- 
dynamo.  The  latter  was  determined  by  driving  the  apparatus  by 
the  dynamo  used  as  a  motor,  and  measuring  the  energy  required. 

The  average  work  done  was  the  equivalent  of  256  lai^e  calories 
per  day.  This  is  about  40  watts  for  nearly  eight  hours,  or  109,000 
kilogrammeters,  or  788.000  foot-pounds,  or  394  foot-tons.  The 
total  energy  actually  yielded  by  the  body,  including  that  derived 
from  the  food  and  the  body  fat  oxidized  was  3,726  large  calories 
daily.  Dividing  the  work  done  by  the  total  energy  yielded  by  the 
body  we  have  .07  or  7  per  cent,  as  the  mechanical  efficiency. 

But  inasmuch  as  the  energy  received  by  the  body  is  largely  ex- 
pended in  the  internal  physiological  work  and  in  maintaining 
the  temperature  of  the  body,  we  should  charge  against  the  work 
done  only  the  excess  of  energy  absorbed  in  the  work  experiment 
over  that  required  in  a  rest  experiment.  The  average  amount 
of  energy  used  in  several  rest  experiments  with  the  same  man  has 
been  about  2,500  calories.     This  subtracted  from  3,726  leaves  1,226 
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as  the  excess  of  the  work  experiment.  256  -r-  1,226  =  .21  Hence 
we  have  2 1  per  cent,  as  the  efficiency  of  conversion  of  potential 
energy  of  food  into  mechanical  energy. 

The  smaller  value  of  the  efficiency,  namely  7  per  cent  is  greater 
than  that  of  small  steam  engines,  while  the  larger  value.  21  per 
cent,  equals  or  exceeds  that  of  the  best  compound  condensing  en- 
gines with  the  highest  efficiency  boilers.  A  large  part  of  the  excess 
of  heat  in  the  work  experiment  is  carried  away  in  the  latent  heat  of 
water  vapor  of  perspiration.  This  may  be  likened  to  the  latent  heat 
of  the  expanded  steam  escaping  from  the  cylinder  of  a  steam  en- 
gine. It  is  probable  that  other  experiments  may  give  a  still  larger 
value  for  the  efficiency  of  man  as  a  machine  for  converting  the  po- 
tential energy  of  food  into  mechanical  energy.  For  man  in  this 
experiment  was  unused  to  the  bicycle,  and  the  work  done  by  him 
was  less  than  his  maximum  capacity,  and  was  certainly  very  much 
less  than  the  maximum  capacity  of  an  experienced  bicyclist.  As  to 
the  obscure  but  very  interesting  question  of  how  this  conversion  is 
effected,  whether  it  is  a  conversion  of  chemical  potential  energy  di- 
rectly into  mechanical  energy,  or  whether  the  material  of  food  or 
muscle  upon  oxidation  first  yields  heat  which  is  subsequently  con- 
verted into  work  by  a  process  equivalent  to  that  of  a  heat  engine,  or 
whether  it  is  some  other  process,  these  experiments  give  no  infor- 
mation. 

General  Summary. 

The  attempt  has  been  made  in  the  preceding  pages  to  describe 
(i)  a  new  form  of  respiration  calorimeter  and  the  methods  of  its  use, 
and  (2)  several  experiments  in  which  the  apparatus  and  methods 
have  been  employed. 

The  experiments  here  described  had  a  two-fold  purpose  :  To  test 
the  accuracy  of.  the  apparatus  and  methods,  and  to  determine  the 
balance  of  income  and  outgo  of  matter  and  energy  in  the  body. 
They  are  preliminary  to  more  extended  research  upon  some  of  the 
fundamental  problems  of  nutrition. 

The  name  here  used  for  the  apparatus,  **  respiration  calorimeter," 
is  suggested  by  the  fact  that  it  is  essentially  a  respiration  apparatus 
with  appliances  for  calorimetric  measurements.  As  a  respiration 
apparatus  it  is  similar  in  principle  to  that  of  Pettenkofer. 
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The  accuracy  of  the  apparatus  and  of  the  methods  for  the  deter- 
minations of  carbon  dioxid,  water  and  heat  was  tested  by  heat  gener- 
ated in  the  chamber  by  passing  an  electric  current  through  a  resis- 
tance coil  and  also  by  burning  ethyl  alcohol  within  the  chamber. 
In  the  electrical  tests  the  measurements  of  heat  generated  and  found 
were  practically  identical.  In  the  alcohol  tests  the  average  amounts 
found  by  actual  experiment  were :  For  carbon,  [99.9  per  cent^ 
hydrogen,  icx>.6  per  cent.;  and  heat,  99.9  per  cent,  of  the  theoretical 
amounts.  It  thus  appears  that  this  apparatus  when  used  for  the 
analysis  of  alcohol  and  the  determination  of  its  heat  of  combustion 
gives  results  nearly,  if  not  quite,  as  accurate  as  are  obtained  by  the 
ordinary  laboratory  methods  which  can  be  used  only  with  small 
amounts. 

The  measurements  of  heat  given  off  from  the  body  of  a  man  in- 
side the  chamber  are  so  delicate  that  very  slight  bodily  movements, 
such  as  rising  from  a  chair  or  turning  over  in  bed,  are  immediately 
noticed  by  the  observer,  who  is  constantly  watching  the  galvanom- 
eter and  thermometers. 

The  experiments  with  men,  one  of  the  earlier  of  which  is  here  re- 
ported, were  undertaken  for  the  study  of  several  problems.  The 
question  especially  considered  in  this  article  is  this  :  Is  the  enei^ 
given  off  from  the  body  in  the  form  of  heat,  or  of  heat  and  external 
muscular  work,  equal  to  the  potential  energy  or  heat  of  combusti(Mi 
of  the  material  actually  burned  in  the  body  ?  In  other  words,  when 
the  compounds  of  the  food  and  the  body — ^proteids,  fats,  and  carbo- 
hydrates— are  burned  is  their  potential  energy  transformed  into  the 
equivalent  kinetic  energy  and  into  forms  which  can  be  measured  by 
the  means  here  used?  Or,  to  state  the  question  more  broadly, 
does  the  law  of  the  conservation  of  energy  obtain  in  the  living  or- 
ganism ? 

In  the  experiment  reported  above  the  outgo  apparently  exceeds 
the  income  by  about  35  calories  per  day.  This  quantity  is  really 
quite  small.  It  would  correspond  to  the  potential  energy  of  about 
4  grams  of  body  fat,  or  nearly  the  same  weight  of  butter,  or  9  grams 
of  sugar,  or  14  grams  of  bread. 

The  sources  of  error  and  uncertainty  in  these  experiments  can,  it 
seems  to  us,  be  divided  into  two  classes  :  those  incident  to  the  ex- 
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perimental  work  as  such,  and  those  due  to  uncertainty  as  to  the 
physical,  chemical  and  physiological  constants  used  as  factors  in  the 
computations. 

So  far  as  the  sources  of  error  are  those  of  chemical  and  physical 
analyses  and  manipulation,  the  attempt  is  being  made  to  reduce 
them  to  a  minimum.  In  so  far  as  they  are  of  physiological  origin 
and  practically  beyond  control  the  attempt  is  made  to  eliminate 
them  so  far  as  practicable  by  long  experimental  periods  and  by  du- 
plication of  the  experiments. 

Meanwhile  it  is  safe  to  say  that  in  view  of  the  physiological  un- 
certainties and  sources  of  error  and  the  probable  incorrectness  of 
some  of  the  physical  and  chemical  constants  employed,  the  differ- 
ences between  the  estimated  income  and  measured  outgo  of  energy 
in  the  experiments  with  men  are  not  at  all  surprising. 

In  view  of  these  defects  and  sources  of  error  in  methods  and  ap- 
paratus we  would  perhaps  be  unwarranted  in  assuming  that  the  ex- 
periments thus  far  made  completely  demonstrate  the  application  of 
the  law  of  the  conservation  of  energy  in  the  human  organism.  They 
do,  however,  seem  to  us  to  be  reasonably  near  to  such  demonstra- 
tion. 

It  is  certainly  safe  to  assume  that  the  principle  followed  in  the 
experiments  is  correct,  and  that  the  apparatus  and  methods  are  ac- 
curate to  the  degree  required  for  the  experimental  study  of  a  large 
variety  of  the  fundamental  problems  of  biological  chemistry  and 
physics.  Among  these  are  the  metabolism  of  energy  and  the  pro- 
duction of  heat  by  the  body  in  the  performance  of  its  ordinary  func- 
tions, as  circulation,  respiration  and  digestion  ;  the  relations  of 
muscular  and  mental  work  to  the  metabolism  of  matter  and  energy; 
the  demands  of  the  body  for  nutriment  under  different  conditions  of 
work  and  rest,  and  under  different  conditions  of  health  and  disease ; 
the  duties  performed  by  the  different  nutrients  of  food  in  supplying 
the  needs  of  the  body  ;  and  finally,  the  nutritive  values  of  food  ma- 
terials and  the  amount  and  proportions  best  adapted  to  the  needs  of 
people  of  different  classes,  with  different  occupations,  and  in  dif- 
ferent conditions  of  life. 

Wesi-evan  University,  Middletown,  Conn.,  July,  1899. 
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Radiation,  an  Elementary  Treatise  on  Electro-magnetic  Radiation  and 

on  Rontgen  and  Cathode  Rays,     By  H.  H.  Franqs  Hyndman,  B.Sc. 

Bp-  370*     New  York,  The  Macmillan  Co. 

The  raorfe  or  less  arbitrary  division  of  the  subject  of  physics  into  dif- 
ferent branches  has  usually  resulted  in  leaving  in  the  minds  of  elementary 
students  a  rather  indefinite  idea  of  the  borderlands  of  these  branches. 
In  this  book  the  reader  will  find  much  help  in  a  subject  which  extends 
into  the  subjects  of  sound,  heat,  light  and  electricity.  As  Professor  S. 
P.  Thompson,  in  the  preface  to  this  book,  says,  **  It  is  just  these  border 
regions  which,  neglected  in  the  text-books,  are  the  richest  fields  for  re- 
search. * '  Most  of  the  work  which  has  been  done  in  these  fields  is  inac- 
cessible to  many  readers,  so  that  such  books  as  this  one  are  not  only 
necessary  but  are  exceedingly  wholesome. 

The  subject  is  divided  into  three  parts.  The  first  treats  of  the  wave 
motions  in  matter  or  sound.  The  second,  which  occupies  about  half  of 
the  book,  is  devoted  to  electro-magnetic  radiation  or  wave  motions  in  the 
ether,  ranging  from  the  long  electrical  waves  through  the  whole  gamut 
to  the  short  ultra-violet  waves.  In  the  last  part  of  the  book  is  given  a 
clear  and  fairly  complete  treatment  of  those  radiations  which  have  not  as 
yet  been  definitely  classified  as  Cathode,  Rontgen  and  Becquerel  or 
Uranium  rays.  The  book  may  be  looked  upon  as  a  summary  in  a  more 
or  less  popular  manner  of  the  work  which  has  been  done  in  recent  years 
in  these  different  kinds  of  radiation.  The  current  theories  in  each  case 
are  discussed  and,  in  general,  are  well  handled.  While  the  properties  of 
the  ether  have  been  discussed  rather  fully,  some  parts  of  it  have  not  re- 
ceived as  clear  a  treatment  as  could  be  wished.  This  is  especially  true 
of  Maxwell's  theory.  The  matter  condensed  into  pages  46  and  47  if  ex- 
panded only  a  little  more,  would  have  increased  the  utility  of  the  book. 

It  is  to  be  regretted  that  the  author  found  it  necessary  to  introduce  sev- 
eral new  terms.  As  in  general  the  introduction  of  new  words  into  our 
scientific  vocabulary  b  to  be  deprecated,  there  should  exist  a  great  demand 
to  warrant  the  introduction  of  even  one.  The  author  has  used  radiable 
or  transradiable  instead  of  the  word  "transparent,**  and  nonradiable  in- 
stead of  "opaque,**  the  excuse  being  that  the  word  '*  transparent,"  on 
account  of  its  ordinary  use,  becomes  ambiguous  when  used,  for  example, 
with  reference  to  Rontgen  rays.  It  is  not  clear  how  the  mere  change  of  a 
word  would  clear  up  the  ambiguity.     As  evidence  that  the  author  himself 
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has  not  avoided  it,  one  has  only  to  read  the  paragraph  about  the  middle  of 
page  263.  In  using  the  words  '*  transparent  '*  and  **  opaque  **  it  is  only 
necessary  to  specify  when  using  the  words  what  kind  of  radiation  one  is 
referring  to,  as  **  transparent  to  Rontgen  rays,'*  or  **  opaque  to  ultra- 
violet rays,*'  and  this  is  necessary  when  using  the  new  terms.  The  author 
has  called  electrical  waves  in/ralacunal,  and  the  shorter  waves,  commonly 
called  'Might*'  waves,  ultralacunal.  As  long  as  the  gap  or  lacuna 
between  the  electrical  waves  and  light  waves  exists  there  seems  to  be  no 
urgent  need  for  a  change.  When  the  gap  is  filled,  if  ever,  then  there 
may.  be  a  time  for  distinctions  to  be  more  clearly  made  and  in  that  case 
the  names  suggested  by  the  author  will  not  suffice. 

The  great  amount  of  work  necessary  in  compiling  a  summary  of  such 
a  character  as  this  is  seldom  appreciated,  and  the  reader  of  such  a  book 
should  be  prepared  to  overlook  some  errors.  In  this  case  there  are  not  a 
great  many,  and  these  are  not  serious.  One  of  the  most  misleading  is 
the  reference  on  pages  277  and  280  to  the  work  done  by  Sagnac.  From 
the  author's  statement  it  seems  that  Sagnac  confinned  Becquerel's  experi- 
ments on  the  reflection,  refraction  and  polarization  of  Becquerel's  rays. 
The  article  by  Sagnac  was  not  an  account  of  his  own  experiments,  but 
merely  a  summary  of  the  work  of  Becquerel.  So  far  as  I  have  been  able 
to  learn  no  one  has  confirmed  Becquerel's  work  on  the  reflection,  refrac- 
tion and  polarization  of  these  rays.  The  point  is  worth  calling  attention 
to  as  from  more  recent  work  (Rutherford,  Phil.  Mag.,  47,  p.  109,  1899, 
also  Becquerel,  Comptes  Rendus,  128,  p.  771,  March,  1899),  there  ex- 
ists doubt  as  to  whether  Becquerel  rays  possess  these  properties  or  not. 
This  error  may  be  due  to  the  fact,  that  on  account  of  the  extent  of  field 
covered,  the  author  depended  on  abstracts  rather  than  on  the  original 
papers  themselves.  In  the  table  on  page  49,  which  is  intended  to  show 
the  entire  range  of  ether  vibrations,  the  author  has  omitted  the  work  of 
Schumann  (Abstracted  in  Beiblatter,  p.  187,  1894),  who  measured  ultra- 
violet wavelengths  much  shorter  than  any  given  in  the  table. 

The  work  is  well  worth  the  perusal  by  students  or  teachers,  or  by  any 
one  desirous  of  getting  better  or  clearer  ideas  of  the  various  phenomena 
met  in  this  very  interesting  field.  As  throughout  the  book  references  to 
the  original  sources  have  been  given,  it  will  serve  as  a  useful  bibliography 
to  more  advanced  students. 

O.  M.  Stewart. 
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NOTES. 

American  Association  for  the  Advancement  of  Science, — The  forty- 
eighth  meeting  of  the  Association  was  held  at  Columbus,  Ohio,  August 
19-26,  under  the  presidency  of  Dr.  Edward  Orton.  The  buildings  of 
the  Ohio  State  University  afforded  ample  and  unusually  comfortable  ac- 
commodation for  the  sectional  meetings  and  the  General  Sessions.  All 
things  conduced  to  the  uninterrupted  work  of  the  section,  the  excursions 
and  entertainments  being  so  arranged  as  not  to  interfere  therewith,  and 
the  meetings  of  the  council  and  executive  committees  being  of  moderate 
duration.  That  the  General  Session  has  outlived  its  years  of  useful- 
ness was  very  evident ;  valuable  time  being  spent  in  secretaries'  an- 
nouncements, which  would  be  given  sufficient  publicity  if  inserted  in 
the  daily  programme  and  posted  on  the  bulletin  board.  The  elimination 
or  curtailment  of  these  sessions  is  much  desired. 

Before  Section  B,  in  addition  to  the  address  by  Vice-President  Elihu 
Thomson,  on  "The  Field  of  Experimental  Research,*'  the  following 
forty-two  papers  were  presented : 

Apparatus  for  the  demonstration  of  the  varying  currents  in  the  differ- 
ent conductors  of  a  rotary  converter,  F.  C.  Caldwell ;  A  New  Graphical 
Method  of  Constructing  the  Entropy-temperature  Diagram  from  the  Indi- 
cator Card  of  a  Gas  or  Gil  Engine,  H.  T.  Eddy ;  Compound  Harmonic 
Vibration  of  a  String,  W.  Hallock ;  A  New  Form  of  Electrical  Condenser 
having  a  Capacity  Capable  of  Continuous  Adjustment,  L.  J.  Briggs ;  Time 
of  Perception  as  a  Measure  of  the  Intensity  of  Light,  J.  McK.  Cattell ;  Rela- 
tions of  Time  and  Space  in  Vision,  J.  McK.  Cattell ;  The  Musical  Scales  of 
the  Arabs,  C.  K.  Wead ;  Medieval  Organ  Pipes  and  their  Bearing  on  the 
History  of  the  Scale,  C.  K.  Wead ;  Electrical  Anesthesia,  E.  W.  Scripture ; 
An  Absolute  Determination  of  the  E.  M.  F.  of  a  Clark  Cell,  H.  S.  Car- 
hart  and  K.  E.  Guthe ;  Quantitative  Investigation  of  the  Coherer,  A. 
Trowbridge ;  Polarization  and  Polarization-Capacity,  K.  E.  Guthe  and 
M.  D.  Atkins ;  Current  and  Voltage  Curves  in  the  Magnetically  Blown  Arc 
and  in  the  Aluminum  Electrolytic  Cell,  R.  A.  Fessenden;  Some  New  Ap- 
paratus— Tachometer,  Chronograph,  Data  Collector,  Induction  Coil, 
Balance  for  Standardizing  Amperemeters,  Standard  of  Induction,  R.  A. 
Fessenden;  Measurement  of  Magnetism  in  Iron  and  the  Relation 
between  Permeability  and  Hysteresis,  R.  A.  Fessenden ;  Polarization 
and  Internal  Resistance  of  the  Copper  Voltameter,  B.  E.  Moore ;  Con- 
cerning the  Fall  of  Potential  at  the  Anode  in  a  Geissler  Tube,  C.  A. 
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Skinner ;  The  Equipment  and  Facilities  of  the  Office  of  U.  S.  Standard 
Weights  and  Measures  for  the  Verification  of  Electrical  Standard 
and  Measuring  Apparatus,  F.  A.  Wolff,  Jr.;  An  Experimental  Test  of 
the  Accuracy  of  Ohm's  Law,  F.  A.  Wolff,  Jr.;  March  Weather  in  the 
United  States,  etc.,  O.  L.  Fassig;  Anew  Spectrophotometer  and  a 
Method  of  Optically  Calibrating  the  Slit,  D,  B.  Brace ;  On  Achromatic 
Polarization  in  Crystalline  Combinations,  D.  B.  Brace ;  On  the  Na- 
ture of  Electricity  and  Magnetism  and  a  Determination  of  the  Density 
and  Elasticity  of  the  Ether,  R.  A.  Fessenden ;  Advances  in  Theoretical 
Meteorology,  C.  Abbe ;  on  Differential  Dispersion  in  Double  Refracting 
Media,  E.  J.  Rendtorff;  Location  of  Smokeless  Powder  Discharge  by 
Means  of  Colored  Screens,  R.  A.  Fessenden  ;  a  Method  for  the  Study  of 
Phosphorescent  Sulphides,  F.  E.  Kester ;  Accidental  Double  Refraction  in 
Colloids  and  Crystalloids,  B.  V.  Hill ;  Note  on  the  Age  of  the  Earth, 
R.  A.  Fessenden  ;  a  Bolometric  Study  of  the  Radiation  of  a  Black  Body 
Between  600**  and  iioo**  C,  C.  E.  Mendenhall ;  a  Bolometric  Study  of 
the  Radiation  of  an  Absolute  Black  Body,  F.  A.  Saunders ;  on  Thermo- 
dynamic Surfaces  of  P.  V.  T.  for  Solid,  Liquid  and  Gaseous  State,  F.  E. 
Nipher ;  On  the  Escape  of  Gases  from  the  Planets  According  to  the 
Kinetic  Theory,  R.  S.  Cook ;  Relation  of  Magnetization  to  the  Modulus 
of  Elasticity,  J.  S.  Stevens ;  On  Flutings  in  Kundt's  Tube,  S.  R.  Cook ; 
the  Dielectric  Strength  of  Oils,  Thos.  Gray ;  Some  Unexpected  Errors 
in  Wattmeter  Measurements,  Thos.  Gray ;  Note  on  the  Preparation  of 
Reticles,  D.  P.  Todd ;  the  Nature  of  Spoken  Vowels,  with  Reference  to 
the  Theories  of  Helmholtz  and  Hermann,  E.  W.  Scripture;  Pressure  and 
Wave-length,  J.  F.  Mohler ;  the  Attenuation  of  Sound  and  the  Constant 
of  Radiation,  of  Air,  A.  Wilmer  Duff;  Optical  Calibration  of  the  Slit  of 
a  Spectrometer,  E.  V.  Capps. 

The  Association  next  meets  at  Columbia  University,  New  York  city, 
Monday,  June  25th,  under  the  presidency  of  R.  S.  Woodward.  The 
officers  of  Section  B  elected  for  the  New  York  meeting  are :  Vice-Presi- 
dent, Ernest  Merritt,  Ithaca,  N.  Y.;  Secretary,  R.  A.  Fessenden,  Alle- 
gheny, Pa. 

An  invitation  was  received  to  participate  in  the  International  Congress 
of  Physicists  to  be  held  in  Paris ;  a  committee  from  Section  B  was  ap- 
pointed to  acknowledge  the  invitation  and  to  see  that  the  Association  is 
represented  at  the  Congress. 

International  Congress  of  Physicists, — ^The  French  Physical  Society  has 
taken  the  initiative  in  arranging  for  an  International  Congress  of  Physicists 
to  be  held  in  connection  with  the  Paris  Exposition,  from  the  6th  to  the 
1 2th  of  August,  1900.  American  physicists  are  invited  to  attend  the 
Congress  and  to  participate  in  its  proceedings.     Those  who  desire  to  be 
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THE 

PHYSICAL  REVIEW. 


ON  THE  FREEZING  POINTS  OF  AQUEOUS  SOLUTIONS 
OF  NON-ELECTROLYTES. 

By  E.  H.  LooMis. 

THE  object  of  the  work  which  is  presented  in  this  paper  has 
been  to  test  the  validity  of  the  van't  Hoff  constant  for  dilute 
aqueous  solutions  of  non-electrolytes.  Much  work  has  already 
been  done  in  this  region,  but  it  has  been  mostly  confined  to  the  in- 
vestigation of  cane  sugar,  ethyl  alcohol  and  urea.  The  results  in 
general  have  not  been  in  accord  with  the  van't  Hoff  theory.  While 
the  great  confusion  which  the  earlier  results  presented  has  largely 
disappeared  with  the  more  recent  advances  in  the  methods  of  meas- 
urement, still  there  remains  much  disagreement  in  the  latest  obser- 
vations of  the  most  careful  observers,  even  in  cases  where  the  ap- 
parent exactness  of  the  methods  had  lead  the  observers  to  regard 
their  results  as  final. 

Thus  Abegg^  finds  for  the  molecular  depression  in  the  case  of 


Cane  Sugar, 
Ethyl  Alcohol, 
Urea, 
Dextrose, 

1.86 
1.79 
1.87 
1.81 

Tiile  Raoult's*  latest  values  give  for 

Cane  Sugar, 
Ethyl  Alcohol, 

1.87 
1.83 

These  results  can  not  be  looked  upon 

as  constant ^  since  the  esti' 

>Zcit.  Phys.  Chem.,  XX.,  1896, 
«Zeit.  Phys.  Chem.,  XXVI I.,  i 

p.  207. 
898,  p.  617. 
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mated  experimental  errors  are  of  a  much  smaller  order  than  would 
be  required  for  such  a  conclusion. 

The  Method. 

The  apparatus  is  the  same  as  that  originally  used  by  the  writer, 
and  described  in  the  Physical  Review,  Vol.  I.,  1893.  The  method 
is  likewise  unchanged  in  all  essentials.  It  will  be  remembered  that 
this  method  enabled  the  writer  to  overcome  the  most  serious  diffi- 
culty met  with  in  attempts  to  measure  the  freezing  points  of  solu- 
tions, namely,  that  of  bringing  the  solution  and  its  "ice"  to  their 
actual  temperature  of  equilibrium.  This  difficulty  is  so  troublesome 
and  the  experimental  errors  which  arise  in  this  connection  are  so 
great  that  I  am  not  surprised  that  the  complete  solution  of  this  dif- 
ficulty after  many  months  of  the  most  tedious  work  left  me  entirely 
unarmed  against  another  source  of  error  much  less  difficult  to  over- 
come and  of  the  most  self-evident  nature.  This  difficulty  concerns 
itself  with  the  manipulation  of  the  tJurmometer,  It  was  found  neces- 
sary at  the  very  outset  to  keep  the  thermometer  at  0°  C.  when  not 
in  actual  use.  To  effect  this  the  thermometer  was  packed,  its  whole 
length,  in  ice  in  the  ice  cellar  of  the  Strasburg  Laboratory.  Thus 
the  stem,  as  well  as  bulb,  was  at  o®  C.  The  temperature  of  the 
room  in  which  the  observations  were  made  was  on  the  average 
about  5°  C,  and  it  is  thus  obvious  that  the  stem  of  the  thermom- 
eter was  gradually  warming  during  the  first  series  of  observations 
each  working  day. 

Hence  these  observations  were  lower  than  they  would  have  been 
if  the  stem  had  come  at  once  to  the  temperature  of  the  room.  These 
first  observations  were  uniformly  the  ones  which  determined  the  zero 
point  of  the  thermometer  for  the  day,  and  thus  all  such  zero  points 
may  be  said  to  have  been  "  too  low.'*  Since  the  stem  range  was 
2°.s  C.  and  the  thermometer  was  of  the  enclosed  type  with'a  thick 
glass  wall,  it  is  easy  to  believe  that  the  error  arising  from  this  very 
obvious  source  could  have  reached  as  much  as  0°. 001  C.  To  avoid 
this  it  is,  of  course,  only  necessary  to  place  the  lower  portion  of  the 
thermometer  in  ice  and  water  and  leave  the  "  stem  "  at  room  tem- 
perature. This  change  was  introduced  at  the  beginning  of  the  1896 
series.     A  second  source  of  error  arises  also  from  the  manipulation 
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of  the  thermometer.     While  it  is  of  much  less  importance  than  the 
one  already  described,  its  discovery  has  led  to  a  real  simplification 
of  the  practice  of  the  method,  and  so  deserves  attention.     It  relates 
also  to  the  stem  of  the  thermometer.     That  portion  of  the  stem  be- 
low the  cork  which  supports  the  thermometer  in  the  freezing  vessel 
and  above  the  surface  of  the  solution  must,  of  course,  have  a  constant 
temperature  if  a  series  of  independent  observations  on  the  freezing 
point  of  a  given  liquid  are  to  agree.     This  was  accomplished  in  the 
earlier  work  by  keeping  the  freezing  vessel  with  its  contents  for  20 
minutes  in  a  bath  of  ice  and  water  before  each  observation  of  a  freez- 
ing point.     It  was  then  transferred  to  a  freezing  mixture  to  induce 
freezing  of  the  solution  and  then  to  the  "  protection  bath"  where  the 
solution  and  its  "  ice  "  were  allowed  to  come  to  equilibrium.     While 
the  great  uniformity  with  which  these  changes  were  made  would  pre- 
clude the  possibility  of  any  very  serious  lack  of  constancy  in  the 
temperature  of  this  intermediate  portion  of  the  stem,  still  there  is  a 
source  of  danger  here.     This  becomes  the  more  evident  when  it  was 
discovered  that,  although  the  length  of  this  unmarked  portion  of  the 
stem  is  only  that  of  4  degrees  on  the  thermometer,  actual  measure- 
ntent  of  the  temperature  range  showed  it  to  be  10  degrees.     This  fact 
was  unknown  to  me  until  after  all  the  experimental  work  had  been 
finished.     It  now  seems  probable  that  the  small  remaining  experi- 
mental error  of  the  present  method  will  be  eliminated  when  the 
difficulty  is  removed.     Obviously  it  is  necessary  to  have  a  ther- 
mometer made  with  the  capillary  reduced  to  the  smallest  possible 
size  in  this  portion. 

Without  knowing  at  the  time  the  real  nature  of  the  source  of  error 
I  was  always  aware  of  its  existence  and  overcame  it  by  the  long  ex- 
posure of  the  whole  apparatus  to  a  temperature  of  0°  C.  To  still 
further  overcome  this  difficulty  and  to  facilitate  the  practice  of  the 
method  the  following  change  of  procedure  has  been  made.  The 
freezing  vessel,  holding  the  thermometer  and  solution,  is  placed  in 
a  freezing  mixture  until  an  overcooling  of  0^.3  C.  is  produced.  It  is 
then  placed  directly  in  the  "  protection  bath,"  whose  temperature  is 
also  0^.3  C.  below  that  of  the  freezing  point  to  be  observed.  Here 
it  is  allowed  to  stand  15  minutes.  It  is  then  "  touched  off"  with  a 
tiny  crystal  of  ice.     The  stirring  and  jarring  are  then  begun  and 
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continued  fortwo  minutes  as  usual.     A  reading  of  die  Ihei  mometer 
is  then  made. 

The  Accuracy  of  the  Method. 

It  is  plain  that  a  method  which  claims  to  have  any  high  degree 
of  exactness  must  fulfil  two  experimental  conditions : 

1.  In  a  series  of  observations  on  a  given  freezing  point,  the  vari- 
ous observations  must  have  a  narrow  range  of  variation.  The  pres- 
ent method  originally  showed  a  range  of  about  o°.ooo8  C.  in  a 
series  of  five  entirely  independent  observations.  By  lowering  the 
room  temperature  to  about  o®  C.  this  variation  was  reduced  to  the 
average  value,  0.^0005  C,  in  the  1896  series,  while  the  slight 
change  in  the  practice  of  the  method  which  allows  the  freezing  ves- 
sel to  stand  in  the  "  protection  bath  "  instead  of  the  ice  and  water 
bath  for  the  fifteen  minutes  preceding  the  observation  has  reduced  this 
to  0.^00046  C.  in  the  present  series.  Many  series  of  observations 
on  the  zero  point  of  the  thermometer  gave  the  same  result  for  each 
individual  observation,  while  in  some  cases  of  the  more  concentrated 
solutions  the  variation  has  amounted  to  as  much  as  0.^0015  C.  It 
is  to  be  noticed  that  the  variation,  which  now  remains,  may  be 
wholly  accounted  for  by  a  lack  of  uniformity  in  the  temperature  of 
the  middle  portion  of  the  stem  of  only  0.^25  C.  I  am  of  the  opin- 
ion that  when  this  source  of  error  is  wholly  suppressed,  this  very 
slight  lack  of  constancy  in  a  series  of  successive  observations  will 
be  reduced  still  further. 

2.  The  observed  zero  points  determined  from  day  to  day  on  the 
thermometer  must  show  only  small  variation.  An  examination  of 
such  a  series  of  zero  points  throws,  much  light  upon  the  exactness 
of  the  method,  since  it  is  evident  that  any  lack  of  absolute  constancy 
in  such  a  series  must  be  accounted  for  either  by  assuming  experi- 
mental errors,  or  irregular  changes  in  the  thermometer  itself.  When 
the  variation  is  large  the  method  is  proportionally  inexact.  Unfor- 
tunately these  zero  points  are  generally  not  published.  The  latest 
work  of  Abegg  is,  however,  an  exception,  and  this  example  will 
serve  to  illustrate  the  importance  of  this  criterion  of  a  method's  ac- 
curacy. He  publishes  a  series  of  eight  such  zero  points,  presum- 
ably in  the  order  in  which  they  were  made,  though  he  fails  to  give 
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the  dates.*  I  allow  myself  the  privilege  of  submitting  the  series  to- 
gether with  the  barometer  at  the  time. 

Zero  Point.  Barometer. 

0«.7741  747  mm. 

.7738  744.5 

.7736  741 

.7733  742 

.7724  741 

.7681  736.5 

.7670  732.5 

.7668  727.5 

The  total  variation  is  0.^0073  C.  Reducing  the  readings  to  a  com- 
mon air  pressure,  say  740  mm.  by  use  of  a  correction  factor  which 

the  author  himself  experimentally  determined  (o°.0002  C.  per 
I  mm.).     The  series  becomes 

0.7727,       0.7729,       0.7734,       0.7729, 
0.7722,       0.7688,       0.7685,        0.7693. 

The  range  is  thus  reduced  to  about  0^.005.  Thus  of  the  original 
variation  of  some  0^.007  C.  in  eight  observations,  only  0.002  are 
accounted  for  in  an  experimental  way,  and  yet  he  says  of  this  series : 

*'  Die  Variationen  der  Einstellung  riihren  jedoch,  wie  eine  nahrere 
Betrachtung  der  Zahlen  zeigt,  sicher  nicht  allein  von  den  Luftdruck- 
anderungen  her,  sondern  diirften  auch  kleinen  zufalligen  Verunrei- 
nigungen  des  destillirten  Wassers  zuzuschreiben  sein,  auf  dessen 
genau  gleiche  Beschaffenheit  kein  besonderer  Wert  gelegt  wurde." 
I  have  elsewhere  remarked  that  it  seems  unwise  to  refer  so  great  a 
variation  in  the  observed  zero  point  of  the  thermometer  to  accidental 
impurities  of  the  distilled  water  used,  since  these  impurities  would 
need  to  be  so  great  as  to  raise  the  water  to  the  order  of  a  YtfW  ^^^' 
mal  salt  solution. 

The  series  furthermore  shows  that  the  zero  point  of  his  thermome- 
ter "wzs  falling.  During  the  six  years  that  I  have  been  observing  the 
zero  point  on  my  thermometor,  the  zero  point  has  been  rising,  whether 
it  was  in  use  or  at  rest.  This  is  evident  in  every  series  except  that 
of  1893,  where  the  experimental  errors  were  so  great  as  to  mask 
this  rise  of  the  zero  point.     I  am  persuaded  that  the  greater  part  of 

iZeit  Phys.  Chom.,  XX.,  216. 
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these  observed  variations  in  the  zero  point  of  the  thermometer  are 
due  to  faulty  methods. 

The  record  of  zero  points  for  the  series  1897,   1898  and  1899  is 
here  submitted. 


Date. 

Observed 
xero. 

Baro- 
meter. 

Room 
Temp. 

Zero  point 

corrected 

to  760  mm. 

and  o<>C. 

Depreeaione  obaerved  on 
the  given  xero. 

1897 
Feb.  26 

0?0510 

761 

2°C. 

0.0500 

Butyric  Acid. 

•*     27 

0.0517 

769 

2 

0.0494 

Propyl  Alcohol. 

Mar.    7 

0.0512 

773 

1 

0.0486 

Cane  Sugar. 

"     16 

0.0518 

771 

2.5 

0.0490 

Ethyl  Alcohol. 

"    28 

0.0505 

759 

3 

0.0495 

Normal  Butyl  Alcohol. 

Apr.  21 

0.0521 

773 

3.5 

0.0506 

Control  for  Sugar,  M  =  0.10. 

1898 
Feb.  26 

0.0520 

760 

3 

0.0508 

Part  of  Methyl  Alcohol. 

Mar.  31 

0.0542 

760 

5 

0.0522 

Urea. 

Dec.  29 

0.0545 

759 

2.5 

0.0537 

Part  of  Chloral  Hydrate. 

X899 

Jan.     2 

0.0569 

781 

1 

0.0530 

Chloral  Hydrate  and  Acetone. 

"      3 

0.0558 

773 

1 

0.0532 

Ether  and  Mannite. 

"      7 

0.0552 

763 

2 

0.0540 

Urea. 

"     10 

0.0562 

771 

2 

0.0536 

Control  for  Urea. 

.«     19 

0.0566 

766 

4 

0.0541 

Amyl  Alcohol. 

"    25 

0.0555 

750 

3 

0.0550 

PartofAmyl  Alcohol. 

"    28 

0.0557 

760 

2 

0.0549 

Aniline  and  MgSO^.' 

"     30 

0.0556 

759 

2 

0.0550 

H,SO^«  and  part  of  MgSO^.* 

"    31 

0.0551 

757 

2 

0.0548 

No  depressions  measured. 

Feb.    1 

0.0566 

766 

2 

0.0548 

NaCl.t 

"     11 

0.0570 

771 

2 

0.0544 

Acetamide.' 

Mar.  18 

0.0556 

757 

4 

0.0545 

Control  for  Acetamide. 

These  zero  points  are  represented  graphically  in  Fig.  i. 
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Fig.  1. 
1  Results  reserved  for  a  subsequent  paper. 
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It  needs  to  be  stated  that  the  zero  point  at  the  end  of  the  1896 
series  was  0.^045.  Thus  the  slow  rising  of  the  zero  point  which 
has  been  observed  before  is  still  going  on,  though  the  rate  is  notice- 
ably less.  It  is  worth  noticing  that  the  variation  in  the  zero  point 
is  such  as  to  be  largely  accounted  for  by  the  well-known  changes 
which  a  thermometer  undergoes — ^a  slow  rise  of  the  zero  point. 
The  exact  uniformity  in  the  rate  of  this  elevation  of  the  zero  point 
for  the  greater  portion  of  the  1 897  period  is  certainly  not  other  than 
accidental,  but  the  very  nearly  uniform  rise  in  the  first  part  of  the 
1899  period  and  its  almost  exact  constancy  during  the  latter  por- 
tion of  the  same  period,  are  clearly  indicative  of  the  high  degree  of 
exactness  which  the  method  has  attained. 

The  range  of  variation  for  the  1897  series  is  seen  to  be  o°.002  C. 
in  six  zero  points,  and  in  the  1899  series  it  is  seen  to  be  0^.002  in 
thirteen  zero  points,  extending  through  a  period  of  three  months. 

In  each  case  the  greater  part  of  this  variation  is  accounted  for  by 
the  obvious  fact  that  the  zero  point  has  been  rising.  The  remainder 
of  the  variation  I  think  represents  the  experimental  errors. 

It  is  not  without  interest  to* observe  that  this  thermometer  has 
experienced  a  total  rise  of  the  zero  point  during  the  six  years  that 
it  has  been  in  use  since  it  was  corrected  at  the  Reichsanstalt,  amount- 
ing to  not  less  than  0^.023  C.  The  rate  has  been  about  0^.0003  C. 
per  month.  The  rise  during  the  period  of  use  is  noticeably  more 
rapid  than  this. 

Further,  any  attempt  to  judge  the  exactness  of  any  method  must 
take  notice  of  the  facts  which  Nerst  and  Abegg  ^  so  clearly  set 
forth  in  connection  with  their  study  of  the  disturbances  which 
the  equilibrium  temperature  of  a  mixture  of  water  and  ice  undergoes 
on  account  of  the  temperatures  of  the  surrounding  bodies  and  the 
heat  developed  by  the  stirring.  In  the  statement  of  their  results 
they  have  introduced  a  temperature  called  the  convergence  tem- 
perature, which  may  be  defined  as  that  temperature  which  the  water 
without  the  ice  would  assume  when  it  has  come  into  thermal  equili- 
brium with  its  surroundings.  They  showed  that  in  case  the  condi- 
tions of  the  experiment  were  not  so  chosen  that  this  convergence 
temperature  was  identical  with  the  true  temperature  of  equilibrium 

»Z€it.  Phys.  Chem.,  XV.,  p.  681. 
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of  ice  and  water,  then  the  observed  temperature  of  the  mixture 
when  it  has  come  into  thermal  equilibrium  with  its  surroundings  is 
not  the  true  temperature  of  equilibrium  of  the  ice  and  water  sought, 
and  that  in  certain  cases  the  measurement  of  depressions  of  freezing 
points  would  be  affected  by  grave  errors  unless  the  observations 
were  corrected  in  a  manner  shown  by  the  authors. 

They  conclude  that  the  observed  freezing  point  of  any  liquid  is 
never  its  true  "  freezing  point  **  unless  one  of  two  conditions  are 
met ;  either  the  convergence  temperature  must  be  coincident  with 
the  true  freezing  point,  or  the  rate  at  which  a  liquid  comes  to  tem- 
perature equilibrium  when  once  it  begins  to  freeze  must  be  infinitely 
great.  This  may  be  accepted  without  hesitation.  Then  they  ex- 
press themselves  in  these  words  : 

"  Since  the  former  condition  has  never  yet  been  exactly  fulfilled, 
it  has  been  assumed  in  the  earlier  investigations  that  the  equilibrium 
between  the  solid  and  liquid  solvent  takes  place  at  an  infinite 
velocity."^ 

I  have  elsewhere  said  that  the  "convergence  temperature" 
played  no  role  in  the  method  which  I  have  used.'  From  the  very 
beginning  of  the  work  the  disturbance  which  the  temperature  of  a 
mixture  of  ice  and  water  suffers  on  account  of  the  temperature  of 
its  surroundings  and  the  heat  due  to  the  stirring  was  well  known  to 
me,  and  the  entire  development  of  the  method  was  always  in  the 
direction  of  eliminating  these  disturbances.  Thus  in  the  first  brief 
notice  of  the  work'  I  express  myself  on  this  point  as  follows  : 

"  A  fundamental  difficulty  lies  in  the  fact  that  the  temperature  of 
a  mixture  of  ice  and  water  is  influenced  by  the  temperature  of  the 
surroundings,  *  *  *  *  and  a  further  difficulty  consists  in  the  fact 
that  this  influence,  which  is  caused  by  the  heat  exchanges  between 
the  mixture  and  its  surroundings,  and  also  by  i/te  heat  developed  by 
the  stirring,  varies  with  the  quantity  and  fineness  of  the  ice  present 
In  order  thus  that  the  temperature  of  a  mixture  of  ice  and  water 
may  be  as  nearly  as  possible  the  (true)  freezing  point  (of  the  water), 
that  is,  the  temperature  at  which  the  ice  and  water  alone  would  be 

»Zeit.  Pbys.  Chcm.,  XV.,  p.  683.     1894. 

•Jour.  Phys.  Chem.,  I.,  p.  224. 

»Ber.  Berichtc,  1893,  XX VII.,  p.  798. 
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in  equilibrium,  it  is  necessary  that  these  disturbing  influences  be 
eliminated."  In  the  fuller  publication  of  the  work^  stress  is  laid 
upon  the  success  with  which  this  was  accomplished,  aud  data  are  then 
presented  which  enabled  one  to  conclude  that  '*  the  disturbing  in- 
fluences of  the  freezing  bath  and  surrounding  air  have  been  so  far 
eliminated  that  the  actual  freezing  point  of  water,  and  so  too  of  a 
solution,  may  be  determined."  This  conclusion  was  drawn  from  a 
series  of  observations  on  the  freezing  point  of  water  in  which  about 
one-half  the  individual  observations  were  made  with  very  large 
amounts  of  ice  present,  while  the  remainder  were  made  with  only 
traces  of  ice  present.  It  was  found  that  the  average  values  of  these 
two  portions  of  the  series  were  the  same.  But  Abegg '  reminds  me 
that  my  conclusion  that  the  convergence  temperature  was  thus 
:shown  to  be  identical  with  the  true  freezing  point  under  observation 
does  not  follow  necessarily.  Since,  as  he  says,  the  same  result 
would  be  found  if  the  rate  at  which  a  mixture  of  ice  and  water 
comes  to  its  equilibrium  temperature  is  very  great.  The  theory  re- 
quires this  rate  to  be  infinitely  great.  Now  simply  put,  this  rate 
•depends  upon  nothing  save  the  rate  at  which  the  ice  melts  or  the 
water  freezes,  and  there  is  little  need  to  talk  about  this  rate  being 
^'  very  great "  to  say  nothing  about  its  approaching  an  infinite  value. 
It  is  necessary  to  observe  that  my  conclusion  that  the  "  convergence 
temperature  "  of  my  apparatus  was  coincident  with  the  true  freezing 
point  of  the  solutions  was  the  result  of  long  experimental  work 
which  had  no  other  aim  than  to  bring  about  this  essential  result,  and 
I  have  never  had  the  slightes  ground  for  doubting  the  soundness  of 
my  conclusion.  It  is  for  this  reason  that  I  have  not  thought  it 
necessary  to  reopen  this  part  of  the  investigation.  But  Abegg  has 
kindly  urged  upon  me  the  value  of  some  direct  test  of  the  matter, 
and  on  March  7,  1899,  I  made  the  following  experiment : 

Room  temperature  3*^.5  C,  barometer  742  mm.  The  observed 
freezing  point  of  water  was  0^.0520.  To  find  the  convergence 
temperature  of  the  apparatus  it  is  only  necessary  to  proceed  exactly 
as  though  a  determination  of  the  freezing  point  of  the  water  were  to 
be  observed  except  that  the  water  is  not  "touched  off,"  so  that  the 

>  Phys.  Rev.,  1893,  I.,  p.  213. 
«Wicd.  Ann.,  64,  p.  490. 
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water  comes  to  thermal  equilibrium  with  no  ice  present  After  a 
few  minutes  the  thermometer  showed  o°.056,  and  this  was  the  final 
reading  after  ten  minutes  of  stirring.  Thus  the  convergence  tem- 
perature of  the  apparatus  when  the  air  is  at  3^.5  C.  and  the  pro- 
tection bath  is  0^.3  C.  is  0^.004  C.  above  the  true  freezing  point  of 
water.  This  diflference  between  the  convergence  temperature  of  the 
apparatus  and  the  freezing  point  of  the  water  under  observation  is 
many  times  smaller  than  is  necessary  to  insure  the  exactness  of  the 
method.  The  result  of  this  experiment  is  exactly  what  I  had  every 
reason  more  than  six  years  ago  to  believe  was  the  fact :  The  con- 
vergence temperature  plays  no  role  in  the  results  obtained  by  use 
of  the  present  method.  It  should  be  added  that  sufficient  uniform- 
ity in  the  stirring  is  had  by  keeping  time  to  a  "  sing-song  "  the 
exact  words  of  which  have  little  scientific  interest. 

Table  I. 


Compound. 

Methyl  Alcohol. 

Ethyl  Alcohol. 
«-Rt)pyl  Alcohol. 
if-Butyl  Alcohol. 

Amyl  Alcohol. 

Glycerine. 

Dextrose. 

Cane  Sugar. 

Mannite. 

Ether. 

Acetone. 

Chloral  Hydrate. 

Aniline. 


% 

m 

QramB 
per  liter 

of  the 
•olution. 

oftne 
•olution 
in  (3)  Vo' 

0.9928 

of  the 
•olution 
tH  =  0.90. 

1. 

32.02 

0.9975 

1. 

46.04 

0.99011 

0.997 

1. 

60.05 

0.9894 

0.9967 

1. 

74.06 

0.997^ 

0.1 

8.81 

0.997« 

1. 

92.04 

1.0203 

1.003 

0.9834 

177.08 

.1.0664* 

1.0125* 

1. 

342.1 

1.1294 

1.024 

0.5 

91.04 

1.0304 

1.012 

0.5 

37.03 

0.9911 

0.996 

1. 

58.04 

0.9908 

0.997 

1. 

165.4 

1.0722 

1.0159 

0.2 

18.61 

0.9995 

Source  of 
the  material. 


Prepared  in  Lab. 
Squibb's  99.89%. 
Kahlbaum. 
Kahlbaum. 
Kahlbaum. 
Eimer  &  Amend. 
Merck  &  Co. 
Rock  Candy. 
Merck  &  Co. 
Squibb' s  Abs. 
Kahlbaum. 
Kahlbaum. 
Kahlbaum. 


Manner  of  Preparing  Solntioo 
ln?3). 


By  direct  weight,  after  drying. 


<(       «  («         ((        « 

Gerlach*s  Tables.' 
Fresenius*  Tables.* 
By  direct  weight,  after  drying. 
«(       (<  (<         «(        « 

((       <«  it         it        ** 

Squibbs*  Tables.' 
Direct  weight. 
"  **      after  drying. 


ic  20« 

'^P.P-., -40-. 

«»i  =  0.10. 

•Landolt  and  Bernstein  Tabellen,  1895,  p.  230. 

I7.S- 

6Zcit,  AuilI  Chem.,  18&3,  XXIL,  p.  454. 
•Ephcmcris,  VlL,  p.  S4L* 
f  Assumed. 
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The  present  investigation  includes  the  non-electrolytes,  which  are 
tabulated  with  the  usual  accompanying  data  in  the  opposite  table. 

Methyl  Alcohol,  1896. 

The  solution  w  =  i  was  prepared  from  methyl  alcohol  which  had 
been  made  by  the  saponification  of  methyl  oxalate  crystals  with 
ammonia  water  in  a  manner  which  is  described  below.  The  tables  of 
specific  gravity  furnished  by  Dittmar  and  Fawsitt*  were  used.  But  the 
specific  gravity  of  the  resultant  normal  solution  was  0.993 1 3  at  1 5  °  56C. 
and  the  solution  according  to  these  tables  was  thus  5  ^  too  strong.* 
The  observed  depressions  were  accordingly  corrected  by  this  amount, 
reducing  the  observed  molecular  depressions  to  the  almost  constant 
value  1.73.  This  result  was  so  surprising  that  it  could  not  be  ac- 
cepted until  all  possibility  of  error  in  the  concentration  of  the  solu- 
tions was  set  aside.  To  this  end  nothing  would  avail  except  the 
attempt  to  prepare  pure  methyl  alcohol.  This  I  undertook  to  do. 
The  work,  however,  was  so  great  and  was  so  slow  of  accomplish- 
ment that  the  publication  of  the  large  part  of  the  experimental 
material  of  the  years  1896,  1897  and  1898  had  to  be  delayed  to  the 
present  time.  This  will  account  for  the  confusion  in  the  dates  of 
the  various  series  of  observations.  To  prepare  methyl  alcohol  the 
following  method  was  used :  The  best  methyl  alcohol  of  commerce 
is  converted  into  methyl  oxalate  by  adding  800  cc.  of  the  alcohol 
to  a  solution  of  1000  gr.  oxalic  acid  crystals  in  400  cc.  of  sulphuric 
acid.  When  this  is  allowed  to  stand  in  a  cool  place  the  methyl 
oxalate  separates  out  in  an  abundant  crop  of  colorless  crystals, 
which  are  drained  and  washed  with  ice  cold  water.  The  product 
has  a  marked  "  mouse  nest  "  odor.  The  crystals  are  now  digested 
with  a  strong  solution  of  ammonia  in  water,  using  a  glass  flask  pro- 
vided with  an  "inverted  condenser."  This  leads  to  the  saponifica- 
tion of  the  methyl  oxalate  with  the  regeneration  of  methyl  alcohol. 
It  is  then  distilled  and  all  of  the  distillate  collected  that  will  come 
over  from  a  bath  kept  at  100^  C.  The  product  is  about  half  water, 
the  greater  part  of  which  is  removed  by  the  use  of  dry  KjCOj  and 

>  Edinburgh  Trans.,  XXXIII.,  p.  509. 

'  In  the  PHnceton  Bulletin,  May,  1896,  in  publishing  the  value  for  a  .  I  normal  methyl 
alcohol  solution  I  used  a  correction  factor  of  3  per  cent,  by  mistake. 
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CaO  in  the  order  named.  The  yield  is  scanty,  and  large  quantities 
of  the  materials  have  to  be  employed,  for  the  product  must  again 
be  put  through  the  oxalate  process. 

After  this  has  been  done  the  methyl  oxalate  has  lost  its  odor. 
The  resultant  methyl  alcohol  is  dried  as  before  and  then  subjected 
to  a  long  series  of  successive  distillations  from  metallic  sodium. 
The  distillations  were  made  backwards  and  forwards  between  two 
distillation  flasks,  each  of  which  served  in  turn  as  distilling  flask  and 
■condenser. 

In  this  way  no  pouring  of  the  alcohol  from  one  vessel  to  another 
was  necessary.  Between  each  distillation  the  specific  gravity  of  the 
alcohol  was  observed.  Some  twenty  such  distillations  from  small 
bits  of  sodium  were  made  before  the  specific  gravity  had  been 
reduced  to  a  constant  value.  I  think  much  of  this  work  would 
have  been  unnecessary  if  I  had  learned  earlier  in  the  work 
that  methyl  alcohol  when  nearly  dry  takes  water  from  the  air,  in 
3pite  of  ordinarily  careful  stoppering,  so  rapidly  that  its  specific 
gravity  goes  up  three  or  four  points  in  the  fourth  place  of  decimals 
during  a  single  night.  When  this  fact  became  known  the  exclusion 
of  the  moisture  of  the  air  received  the  utmost  care,  and  the  deter- 
minations of  the  specific  gravity  were  made  in  a  pyknometer  so  ar- 
ranged that  the  alcohol  could  be  transferred  to  it  from  the  condens- 
ing flask  without  contact  with  the  air's  moisture.  In  this  way  the 
specific  gravity  was  reduced  to  a  constant  value. 

At  io°  the  specific  gravity  =  0.80065. 

At  20°  the  specific  gravity  =  O.79133. 

Water  at  4°C.  =  I. 

The  boiling  point  of  this  methyl  alcohol 

At  766.74  mm.  is  64°.7oC. 

At  752.92  mm.  is  64.23. 

Thus  at  760  mm.  it  is  64^.50.  (Gasthemometer,  Reichsanstalt). 

It  needs  to  be  observed  that  the  boiling  point  was  taken  as  usual 
with  the  entire  stem  exposed  to  the  vapor  and  the  bulb  about  4  cm. 
above  the  liquid,  A  quantity  of  glass  beads  was  put  in  the  flask 
to  insure  uniform  boiling.  The  entire  product,  except  the  last 
frothing  traces,  went  over  at  the  temperatures  given  above.  I  find 
that  the  slight  rise  of  o°.i— o°.2  which  occurs  at  the  last  moment 
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is  no  indication  of  an  impure  product,  but  results  wholly  from  the 
unavoidable  "  overheating  "  when  any  small  quantities  of  the  sub- 
stance are  in  the  flask.  Thus  I  find  that  the  purest  water  behaves- 
in  the  same  way. 

While  the  specific  gravity  and  boiling  point  of  methyl  alcohol 
have  thus  been  very  much  lowered  below  the  hitherto  accepted 
values,  I  have  no  reason  for  thinking  that  a  dry  product  has  yet 
been  obtained.  Only  the  limit  which  the  apparatus  and  drying 
method  used  in  the  present  work  have  fixed  has  been  reached.  It 
is  worth  mentioning  that  I  find  that  sodium  continues  to  dry  methyl 
alcohol  long  after  dry  copper  sulphate  and  PjO^  have  ceased  to  act. 
It  is  probable,  then,  that  Carrara,^  in  his  attempt  to  measure  the  dis- 
sociation of  water  in  methyl  alcohol  did  not  succeed  in  getting  a 
dry  alcohol  as  the  basis  of  his  work. 

The  methyl  alcohol  prepared  in  the  way  described  above  has  lost 
all  traces  of  its  characteristic  odor,  I  am  of  the  opinion  that  a 
slight  odor  still  remains,  though  some  who  have  examined  the  prod- 
uct do  not  admit  this.  The  details  of  this  purely  incidental  work 
will  perhaps  be  given  at  some  future  time  in  case  opportunity  arises- 
to  measure  some  other  important  constants  of  pure  methyl  alcohol, 
some  40  grams  of  which  I  still  have  left. 

From  this  alcohol  a  gram-molecular  solution  was  made  by  direct 
weighing.  Its  specific  gravity  at  18°  C.  was  found  to  be  0.99281  and 
at  1 5^.56  C.  it  was  0.99318.  Thus  my  suspicion  that  the  tables  of 
Dittmar  and  Fawsitt  are  faulty  in  the  region  of  great  dilution  is  con- 
finned.  Using  this  final  normal  solution  I  then  prepared  a  tenth 
normal  solution  for  the  purpose  of  determining  its  freezing  point  as- 
a  control  to  the  observations  made  in  1 896.  The  result  was  exactly 
I  Jo  higher  than  the  value  found  in  1 896,  and  I  should  accordingly  cor- 
rect the  entire  series  by  this  amount.  But  unfortunately  a  confusion 
exists  in  the  original  notes  which  forces  me  to  regard  the  specific 
gravity  of  the  normal  solution  prepared  in  1896,  as  probably  wrong, 
so  that  I  am  unable  to  say  as  I  should  like  to  that  the  1896  solution 
was  I  Jb  weaker  than  the  final  one  used  in  the  **  control."  I  can  do 
no  more  than  to  give  the  1896  series  and  say  that  they  may  be  ijb- 
too  small.     At  the  first  opportunity  I  shall  repeat  the  entire  series. 

>  Gazz.  Chim.  Ital.,  1897,  XXVII.,  p.  I. 
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Methyl  Alcohol,  Feb,  17,  1896. 
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In  the  tables  throughout  this  paper  m  denotes  the  number  of  gram- 
molecules  per  liter  of  the  solution  ;  A,  the  depression  of  the  freezing 
point,  and  a/w  is  what  is  generally  known  as  the  molecular  depression. 

By  the  help  of  the  specific  gravity  of  the  solution  m  =  0.20,  it  is 
easy  to  reduce  the  values  of  m  to  the  values  m'  which  denote  the 
number  of  gram-molecules  per  1000  grams  of  water  in  the  solution. 
To  this  end  the  calculated  number  of  grams  of  the  substance  per 
1000  grams  of  water  is  given  under -Pin  the  tables,  m'  equals  of 
course  the  quotient  of  P  divided  by  the  molecular  weight. 

The  graphic  representation  of  the  results  is  presented  with  each 
table,  using  my  usual  method,  in  which  the  ordinates  represent  the 
the  values  of  a/w,  and  the  abscissas  the  values  of  m.  The  dotted 
line  gives  the  values  of  a/w'. 

The  **curve*'  turns  out  to  be  a  straight  line.  The  observed  values 
do  not  in  any  case  differ  from  those  that  such  a  straight  line  would 
require  by  more  than  0^.0003  C.  The  molecular  depression  is  thus 
seen  to  be  1.82  in  extreme  dilution,  increasing  slowly  to  1.83  in  the 
region  of  greater  concentration. 

Ethyl  Alcohol,  March  i6,  1897. 
The  solution,  mi^x,  was  made  by  direct  weight  from  Squibb's 
"absolute  alcohol/*  Dr.  Squibb  was  kind  enough  to  determine  the 
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specific  gravity  of  the  product  which  he  sent  me  directly  before 
the  can  was  sealed.  He  found  specific  gravity  1  p'^it  0.79386. 
According  to  his  table  ^  the  strength  was  99.899b.     The  solution 


tn  =■  I  had  a  sp.  gr.  ■  — 5  j  0.99005. 


Ethyl  Alc0hol,  March  16,  1897. 


m 

A 

A 
m 

p 

m^ 

A 

0.01 

o!oi8i 

1.81 

0.460 

0.01 

1.81 

0.02 

0.0368 

1.84 

0.921 

0.02 

1.84 

0.05 

0.0920 

1.84 

2.312 

0.0502 

1.83 

0.10 

0.1849 

1.8S 

4.633 

0.1007 

1.84 

0.20 

0.3707 

1.85 

9.314 

0.2024 

1.83 

A 

m 

1.00 


•i.ao 


ETh 

YL  > 

LCC 

HOL 

■^■"^ 

> 

»:*=: 

.— -. 

^ 













-— 

-— 

— - 





m—coi 


0.05 


0.10 
Fig.  3. 


OJBO 


The  comparison  of  these  results  with  those  of  1892*  is  instruc- 
tive.    For  this  purpose  the  earlier  results  are  given  below : 


Ethyl  Alcohol,  Dec,  1892. 
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A 
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0.2927 
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Before  making  the  comparison  it  must  be  remembered  that  the 
solutions  of  1892  were  known  to  be  i  %  too  weak  (see  note,  p.  282, 

1  EphemeriSy  II.,  p.  54Z. 
«Phys.  Rkv.,  I.,  p.  199. 
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1.  c).  Applying  this  correction  to  the  series  we  get  the  values 
shown  in  the  last  column  of  the  table.  The  values  at  m  s=  16, 
m^OAO  and  m  =a  0.04  are  identical  with  those  in  the  new  series. 
The  values  at  i«  »  o.oi,  m  =«  0.02  and  tn  =»  0.05  fall  below  those 
of  the  new  series.  This  comparison  of  the  two  series  furnishes  a 
very  striking  confirmation  of  the  conclusion  which  has  been  reached 
in  regard  to  the  error  which  arose  in  the  earlier  work  on  account  of 
packing  the  whole  thermometer  in  ice  when  out  of  use.  The  zero 
point  is  therefore  uniformly  made  too  low  and  the  curve  of  molec- 
ular depressions,  which  was  found  to  be  straight  in  the  region  of 
greater  concentration,  is  made  to  curve  considerably  downward  in 
the  region  of  great  dilution  where  the  error  in  the  zero  point  would 
be  most  felt.  A  second  matter  of  interest  appears  in  the  very  sin^ 
gular  value  for  w=  0.04.  In  the  paper  of  1892,  this  observation 
is  looked  upon  as  incorrect  only  because  it  was  so  out  of  accord 
with  the  rest  of  the  series,  and  I  was  forced  to  assume  the  possi- 
bility of  an  error  amounting  to  o°.ooi5  C,  an  error  which,  apart 
from  this  single  observation,  I  had  no  right  to  admit. 

It  now  appears  that  this  one  observation  was  the  only  one  that 
was  right  in  the  region  of  extreme  dilution.  The  observations  at  that 
time  required  generally  a  whole  day  for  the  determination  of  the 
zero  point  of  the  thermometer  and  the  freezing  point  of  the  solution, 
so  that  it  is  easy  to  believe  that  this  single  determination  could  have 
been  so  made  as  to  escape  the  influence  of  the  usual  source  of  error. 

As  in  the  case  of  methyl  alcohol  the  graphic  representation  of 
the  results  is  best  effected  by  a  straight  line  which  shows,  allowing 
for  errors  in  no  case  greater  than  o°.0003,  that  the  molecular  de- 
pression is  1,84.  in  extreme  dilution^  and  that  it  increases  uniformly 
to  1.85  at  m  =  0.20. 

It  is  a  matter  of  very  great  importance  as  well  as  gratification 
that  the  last  results  of  Raoult,*  are  so  exactly  in  accord  with  these 
values  that  it  is  impossible  to  distinguish  the  two  series  when 
graphically  represented  on  the  scale  of  the  present  curves.  Al- 
though my  work  was  done  some  time  before  Raoult  published  his 
results,  Raoult  had  no  knowledge  of  it  until  after  the  publication  of 
his  work.     The  two  series  have  been  made  by  different  observers 

»  Zeit.  Phys.  Chem.,  XXVII. 
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in  entire  independence  and  without  the  guiding  hand  of  any  theory 
and  must  be  looked  upon  as  affording  the  most  strikingly  confirma- 
tion of  each  other. 

Propyl  Alcohol,  February  27,  1897. 

The  solution  »!«=  i  was  made  by  direct  weight  from  Kahl- 
baum's  product.  The  product  was  successively  distilled  from  sod- 
ium as  in  case  of  methyl  alcohol,  though  with  much  less  care.  The 
boiling  point  of  the  middle  portion  of  a  final  distillate  was  constant 
within  o°.i  C. 

The  specific  gravity  of  this  portion,  at  15°  C,  was  0.80798 ;  at 
20®  C,  0.80406. 

Its  boiling  point  at  760  mm.  is  97°. 2  C.  These  values,  as  with 
methyl  alcohol,  are  much  lower  than  those  hitherto  accepted,  due 
simply  to  the  greater  dryness  of  the  present  products. 

n-Propyl  Alcohol,  Ftb.  27,  1897. 


m 

A 

m 

P 

m' 

A 

0.01 

0?0189 

L89 

0.601 

0.01 

L89 

0.02 

0.0371 

L86 

L201 

0.02 

L86 

0.05 

0.0936 

L87 

3.015 

0.0502 

L86 

0.10 

0.1858 

L86 

6.015 

0.1008 

1.84 

0.20 

0.3723 

k 

1.86 

12.191 

0.2031 

L83 

A 

m 

1M 


( 

, 

, 

PRC 

PYL 

ALC 

OHC 

L 

'""" 

'""• 



IM 


m— 0.01 


0.06 


0.10 
Fig.  4. 


fluao 


The  graphic  representation  again  is  best  effected  by  a  straight 
line.  The  errors  which  must  be  assumed  in  drawing  this  conclu- 
sion do  not  exceed  o^.ooojC. 

The  molecular  depression  is  seen  to  be  1.87  in  extreme  dilution 
and  to  {^\\  uniformly  to  1.86  in  the  region  of  greatest  concentration. 
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N-BuTYL  Alcohol,  March  28,  1897. 
The  solution  m  »  i  was  made  by  direct  weight  from  Kahlbaum's  ^ 
product.  The  quantity  at  my  disposal  was  so  small  that  no  drying 
was  possible.  I  assumed  that  there  was  i  Jo  water  present  and  made 
allowance  for  this  in  making  the  weighings.  Its  specific  gravity  at 
20°  with  a  Mohr  balance  was  0.8095  ±  0.0002.  An  attempt  to 
dry  a  sample  obtained  afterwards  from  the  same  source,  with  the 
hope  that  a  '*  control "  determination  of  the  freezing  point  would 
enable  one  to  **  correct "  the  original  series  resulted  in  failure ;  since, 
in  spite  of  the  utmost  care  in  the  successive  distillations  from  Na, 
the  product  did  not  show  a  constant  boiling  point  within  5°  C.  I 
am  unable  to  find  that  «-butyl  alcohol  has  ever  been  prepared  with 
such  a  degree  of  purity  that  the  boiling  point  is  any  more  constant 
than  this,  and  I  abandoned  the  idea  of  making  any  control  determi- 
nations. I  found  the  specific  gravity  of  the  product  when  dried 
with  Na  to  be  0.8082  at  20°  C.  What  degree  of  error  there  may 
be  in  the  given  values  of  the  various  concentrations  I  have  no 
means  of  knowing.  That  the  results  are  in  accord  with  the  rest  of 
the  alcohol  series,  of  course,  furnishes  no  ground  for  any  conclusion 
in  this  matter. 

n-Butyl  Alcohol,  Mar,  28,  1897. 
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Again  the  graphic  representation  is  a  straight  line.     This  conclu- 
sion requires  the  assumption  of  an  error  in  no  observation  exceeding 


Digitized  by 


GoogI( 


No.  s.] 


FREEZING  POINTS  OF  SOLUTIONS, 


275 


0^.0CX)3  C.     The  molecular  depression  in  extreme  dilution  is  1.86 
and  this  is  the  value  also  for  all  the  concentrations. 

Amyl  Alcohol,  February  27,  1897. 
The  original  product  was  Kahlbaum's  "amyl  alcohol"  and  is 
the  ordinary  amyl  alcohol  of  fermentation.  It  was  dried  with  Na. 
The  final  product  had  a  boiling  point  constant  within  i°.i  C.  Its 
specific  gi-avity  was  0.81 21  at  18°  C.  The  solubility  of  amyl  alco- 
hol in  water  does  not  permit  the  solution  m  =  0.20. 


Amyl  Alcokoly 

Feb.  27,  1897. 
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The  graphic  representation  is  again  a  straight  line,  with  practically 
no  error  in  any  observation.  The  molecular  depression  in  extreme 
dilution  is  1.86  and  this  falls  to  1.84  at  fi; »  o.io. 

Glycerine,  February  13,  1896. 
The  solution  w  =  i  was  made  by  use  of  Gerlach's  tables  of  specific 
gravity. 
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The  graphic  representation  is  a  straight  line,  and  this  conclusion 
requires  no  appreciable  errors  to  be  admitted.  The  molecular  de- 
pression is  1.86  in  extreme  dilution  and  rises  to  1,88  at  m  =  0.20. 

Dextrose,  Feb.  22,  1896. 

The  product  was  from  Merck  and  Co.  It  was  not  true  to  their 
label  in  regard  to  dryness,  and  so  an  approximate  solution,  /«=»  i^ 
was  made  by  weight  and  then  corrected  by  use  of  the  Fresenius 
tables.^     The  specific  gravity  of  the  approximate  solution  was  i  .0664,. 

Dextrose,  Feb,  22,  1896. 
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and  was  thus  1.66  %  too  weak  according  to  these  tables.     The  con- 
centrations in  column  (;«)  are  corrected  by  this  amount. 

A  true  ^«  =  I  solution,  prepared  from  Kahlbaum*s  fine  crystalline 
product,  when  freed  from  its  bare  trace  of  water  by  most  careful 

drying,  has  been  found  to  have  a  specific  gravity  at  I         \  1.0684 

» Zeit.  An.  Chem.,  XXII.,  p.  454- 
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and  at   — — ,  1.0669.     This  is   so  nearly  in  accord  with  the  Fre- 

senius  tables  that  I  have  accepted  them  with  confidence. 

The  graphic  representation  is  again  a  straight  line,  a  conclusion 
which  requires  the  admission  of  experimental  errors  reaching 
to  o°.ooo4  C. 

The  molecular  depression  is  1.85  in  extreme  dilution  and  rises  to 
1.90  at  w  =  0.20. 

Cane  Sugar,  March  7,  1897. 
The  solution  m  =  i  was  made  by  direct  weight  from  carefully  se- 
lected crystals  of  "  rock -candy."     These  were  pulverized  and  dried 
over  sulphuric  acid.     The  solutions  were  made  immediately  before 
the  observations  on  their  freezing  points. 

Cane  Sugar^  March  7,  1897. 
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The  graphic  representation  is  again  a  straight  line  if  an  error  of 
0*^.0004  be  assumed  at  /«  =  0.02. 

The  molecular  depression  in  extreme  dilution  is  1.86.  It  rises 
rapidly  to  1.98  at  /«  =  o.20. 

These  results  should  be  compared  with  the  series  of  1892.  It 
appears  that,  barring  the  downward  curvature  in  the  region  of 
extreme  dilution,  which  all  the  early  series  exhibited,  the  new  re- 
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sttlti  are  exactly  i  per  cent  higher  than  the  old.  The  solutions 
however  were  not  of  the  same  strength,  as  appears  from  their 
specific  gravity.  Thus  the  solution  w=.i,  at  17^.5  C,  has  a 
specific  gravity  at  18°,  1.1294.  The  solution  used  in  1892  (i«=  i 
at  4^  C.)  had  a  specific  gravity  at  18°,  1.1285.*  Accordingly, 
using  the  tables  of  specific  gravity  in  the  Kohlrausch  Leitfaden, 
eighth  edition,  the  old  solutions  were  0.6  per  cent  too  weak.  The 
two  scries  then  are  parallel  and  differ  by  0.4  per  cent,  a  difllerence 
probably  less  than  the  experimental  errors  of  the  method. 

The  latest  values  found  by  Raoult*  are  exactly  parallel  with  these 
results  when  they  are  computed  on  like  definition  of  a  g^ram-molec- 
ular  solution,  but  are  exactly  i  per  cent  higher.  The  agreement, 
while  falling  short  of  complete  identity,  as  in  the  case  of  ethyl  al- 
cohol, is  still  not  less  striking,  since  the  two  series  agree  in  that  they 
confirm  each  other  in  the  fact  of  a  umform  increase  in  the  value  of 
the  molecular  depression  with  increase  in  the  concentration.  It  is  to 
be  observed  that  the  results  of  Raoult  are  expressible  by  a  straight 
line  without  the  smallest  trace  of  an  error,  say  at  w  =»  0.03,  when 
the  error  reaches  0^.0003  C.  It  is  to  be  regretted  that  he  did  not 
examine  solutions  more  dilute  than  m  =>  0.03,  since  his  method 
clearly  would  justify  this. 

The  two  series  are  represented  graphically  in  the  annexed  figure, 
in  which  m  is  the  number  of  gram-molecules  per  1000  grams  of 
water  (m'  in  the  tables). 
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Mannite,  January  3,  1899. 

The  solution  w  —  i  was  made  by  weight  from  Merck's  product 
after  drying  at  ioo°C.  to  constant  weight. 

*  The  published  yalue  was  1.1286.     This  was  reckoned  without  making  allowance  for 
air  displacement,  which  is  now  done. 
•Zflt.  Phys.  Chem.,  XXVII.,  p.  617. 
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The  results  are  again  in  a  straight  line  if  an  error  of  0°.0005C. 
be  assumed  in  the  observations  at/;/ =  0.10  and  m^o.2(X  The 
molecular  depression  is  1.86  in  extreme  dilution.  It  must  be  re- 
marked that  the  results  in  the  present  case  could  be  expressed  by  a 
curve  slightly  convex  on  the  upper  side  and  given  a  value  for  the 
molecular  depression  1.84  in  extreme  dilution.  I  am  of  the  opin- 
ion, however,  that  this  is  due  to  the  distribution  of  the  experimental 
errors  in  spite  of  the  fact  that  an  error  of  o^.ooosC.  has  to  be  ad- 
mitted to  make  the  results  expressible  by  a  straight  line. 

Acetone,  January  2,  1899. 
The  solution  w  =  i  was  made  from  Kahlbaum's  "  Aceton  aur 
der  Bisulfitverbindung,"  by  use  of  Squibb's  tables  of  specific  gravity. 
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The  representation  of  the  entire  series  by  a  straight  line  is  impossi- 
ble. A  curve,  with  its  convex  side  downward,  beginning  at  1.86  in 
extreme  dilution  and  running  nearly  straight  in  the  region  between  m 
=s  o.oi  and  w  =  0.20  represents  the  results  best  The  errors  neces- 
sary to  this  conclusion  are  inappreciable,  while  a  straight  line  would 
require  errors  of  0° .001  at  w  =  0.20,  ando^.oo/  at  w  =  0.05. 

The  molecular  depression  is  again  1.86  in  extreme  dilution  and 
rises  to  1. 91  at  w=  i. 

Chloral  Hydrate,  January  2,   1899. 

The  solution  w  =  i  was  made  from  Kahlbaum's  product  by  di- 
rect weight,  after  exposure  to  sulphuric  acid.  The  powdered  crys- 
tals are  volatile  and  it  is  impossible  to  bring  the  compound  to  a  con- 
stant weight. 

Chloral  Hydrate, 
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The  graphic  representation  of  the  entire  series  shows  that  the  re- 
sults cannot  be  expressed  by  a  straight  line  unless  an  error  of  more 
than  o°.ooi  be  assumed  at  /«  =  o.  10  and  nt  =  0.20.  As  I  have  no 
right  to  assume  so  large  an  error,  it  must  be  said  that  here  also  a 
curved  line  with  slight  convexity  on  its  lower  side  and  practically 
straight  in  the  region  between  m  =b  0.0 i  and  nt  =  0.20,  best  repre- 
sents the  results.  The  necessary  error  for  this  conclusion  is 
0^.0005  C.  in  the  observation  m  =  0.05. 

The  molecular  depression  is  1.86  in  extreme  dilution  and  rises  to 
2.05  ^\.m^  \, 

Aniline,  January  28,  1899. 
Kahlbaum's  product  was  distilled  twice  from  sodium  and  made 
into  a  solution  w  =  0.20  by  weight.     The  specific  gravity  of  the 
aniline  after  the  distillation  was,  at  15  C,  1.0260  and  at  20®  C, 
1.0215. 

Aniline. 
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The  results  lie  in  a  straight  line,  with  an  assumed  error  of 
0^.0005  at  w  =a  o.io. 

The  molecular  depression  is  1.86  in  extreme  dilution  and  falls 
rapidly  to  1.77  at  m  =  0.20. 

Ether,  January  3,  1899. 
Squibb's  "  absolute  ether"  was  distilled  twice  from  sodium.     It 
was  then  found  to  be  no  longer  acted  on  by  this  drier.     Its  spe- 
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dfic  gravity  at  15®  C.  was  0.7193,  and  its  boiling  point  was 
34.^.3  C.  at  760  mm.  These  values  are  much  lower  than  the  ac- 
cepted values  for  these  constants,  save  only  the  specific  gravity,  as 
found  by  Squibbs,^  namely,  0.7189  at  15®. 

Ether, 
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The  graphic  representation  is  a  curve  line  with  a  pronounced 
convex  side  on  the  upper  side.  The  molecular  depression  in  ex- 
treme dilution  can  be  obtained  only  by  a  very  uncertain  extrapola- 
tion which  gives,  say,  the  value  7.50.  The  molecular  depression  be- 
comes constant  at  w  =  o.io,  with  the  value  1.73. 

General  Discussion. 
It  is  well  known  how  van't  Hoff  has  shown  that  the  freezing 
point  of  a  solution  of  any  non-electrolyte  in  any  solvent  is  theoret- 
ically capable  of  calculation  by  the  formula, 

0.002  r*    G 
^ 1 M' 

Where  A  denotes  the  difference  between  the  known  freezing  point 
of  the  pure  solvent  and  that  of  the  given  solution.  7" is  this  known 
freezing  point  of  the  solvent  on  the  absolute  scale,  while  X  is  its  heat 
equivalent  of  fusion.     G  denotes  the  number  of  grams  of  the  solute 

^Ephemeris,  II.,  p.  678. 
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per  liter  of  the  solution,  and  M\s  its  molecular  weight.  It  is  con- 
venient to  call  GjM^t  number  of  gram-molecules  per  liter,  and  to 
denote  it  by  m. 

Thus  in  the  case  of  aqueous  solutions,  using  the  value  accepted 
by  van't  HofTas  the  most  probable  for  k,  we  have,  for  the  lowering 
of  the  freezing  point  due  to  any  non-electrolyte  : 

0.002(273)' 

A  = -r w» 

79 

and  accordingly  the  value  of  the  molecular  depression  is 
A      0.002(273)' 

This  is  the  van't  Hoff  constant 

The  early  work  of  Raoult  covered  a  large  range  of  organic  sub- 
stances. The  average  value  of  the  molecular  depression  of  the 
entire  series  is  as  high  as  1.85.^  But  the  series  comprises  a 
lai^e  number  of  the  organic  acids  which  are  known  to  be  elec- 
trolytes. 

Omitting  these,  since  they  have  no  right  to  be  classed  with  the 
non-electrolytes,  as  everybody  knows,  the  average  value  of  the 
molecular  depression  of  all  the  non-electrolytes  examined  by  Raoult 
is  1.75,  with  aniline  giving  the  value  1.53,  and  inverted  sugar  1.93. 
This  misrepresentation  of  Raoult's  results  is  now  quite  general  in 
the  literature  and  for  that  reason  I  call  attention  to  the  matter. 

More  recent  attempts  to  test  the  validity  of  the  van't  Hoff  con- 
stant have  been  largely  confined  to  ethyl  alcohol,  sugar  and  urea, 
which  unfortunately  constitute  about  the  worst  trio  which  could  have 
been  chosen  for  that  purpose,  since  each  presents  an  exception  to 
the  theory  in  question.  Thus,  sugar  conforms  to  the  theory  only 
in  solutions  so  dilute  that  the  difficulty  of  determining  the  freezing 
point  is  very  great.  Ethyl  alcohol  does  not  conform  to  the  theory 
at  all,  while  urea  seems  to  be  so  unstable  in  aqueous  solutions  that 
two  attempts  to  repeat  the  work  done  by  me  on  this  compound  in 
1893  have  been  fruitless.  For  this  reason  no  results  for  urea  are 
found  in  the  present  paper. 

■Ostwald's  Chem.,  II.,  p.  751. 
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DlSCXSSIOX   OF   THE   PrESEXT   RESULTS. 

I.  It  is  shown  by  the  experimental  results  that  a  large  number 
of  w;dely  different  compounds  in  extreme  dilution  all  have  exactly 
ilu  sanu  vcdui  for  the  molecular  depression,  namely  i,S6,  This  re- 
markable series  comprises  if-propyl  alcohol,  «-but>'l  alcohol,  amyl 
alcohol,  glycerine,  acetone,  dextrose,  cane  sugar,  mannite  and 
aniline. 

The  exceptions  to  this  general  conclusion  are  shown  by 


Methyl  Alcohol, 

L82, 

Ethyl  Alcohol, 

L«4, 

Ether, 

LSO. 

These  exceptions  are  well  established  by  the  experimental  results. 

Thus  the  van't  Hoff  requirement  that  the  molecular  depression 
for  non-electrolytes  in  great  dilution  should  be  constant  is  fulfilled 
in  a  large  range  of  compounds,  wi/A  the  constant  lvalue  1,86. 

It  is  to  be  observed  that  the  formula  given  by  van't  Hoff  re- 
quired the  value  1.89.  But  the  factor  0.002  which  the  formula 
contained  is  now  known  to  be  too  high.  It  should  be,  according 
to  present  knowledge,  0.00 1 98.  With  this  correction  the  value  of  the 
van*t  Hoff  constant  would  be  1.87,  while  the  present  experimental 
results  require  it  to  be  1.86.  I  believe  that  it  will  be  found  that  the 
value  for  k,  namely  the  heat  equivalent  of  fusion  for  ice,  which 
appears  in  the  formula  and  to  which  van't  Hoff  assigned  the  value 
79  as  the  most  probable  will  be  found  by  experiment  to  be  79.3 
such  at  least  is  the  value  required  by  the  experimental  facts  pre- 
sented in  this  paper,  provided  the  exact  validity  of  the  van't  Hoff 
constant  is  allowed. 

2.  It  appears  as  the  concentration  of  the  various  solutions  in- 
creases, the  greatest  diversity  in  the  values  of  the  molecular  depres- 
sion comes  to  light. 

Thus,  in  the  case  of  cane  sugar,  the  molecular  depression  has 
rapidly  increased  to  1.98  at  wf  =  0.20 ;  in  other  cases  it  has  shown 
little  change  ;  while  in  others,  noticeably  aniline,  the  molecular  de- 
pression has  fallen  rapidly  to  1.77  at  w  =  0.20.  The  significance  of 
this  change  in  the  value  of  the  molecular  depression  is  evident  when 
we  remember  that  the  van't  Hoff  equation  is  deduced  on  the  as- 
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sumption  that  the  dissolved  substance  behaves  exactly  as  if  it  were 
in  the  state  of  an  ideal  gas  with  a  volume  equal  to  that  of  the  solu- 
tion. That  is,  it  is  assumed  that  the  substance  obeys  the  laws  of 
Boyle  and  Gay  Lussac  exactly,  which  require  pv  =:  RT»  Now  na 
known  gas  does  this  perfectly.  The  familiar  correction  introduced  by 
van  der  Waal  by  which  the  value  of  v  is  so  corrected  as  to  make 
allowance  for  the  space  actually  taken  up  by  the  molecules  them- 
selves is  known  to  render  the  product  pv  more  nearly  constant. 
The  introduction  of  this  correction  in  connection  with  a  substance 
dissolved  in  any  solvent  is  easily  effected  by  defining  the  concentra- 
tion of  the  solution  not  in  terms  of  gram-molecules  per  1000  cc.  of 
the  solution,  but  in  gram-molecules  per  looo  cc.  of  the  solvent  in- 
stead. This  definition  is  the  basis  of  the  value, ;«',  given  in  column  5 
of  each  table.  By  referring  to  the  tables,  under  the  heading  ^jm' ,  it 
is  found  that  the  molecular  depression  has  become  constant  in  the 
case  of  methyl  and  ethyl  alcohol,  glycerine,  dextrose,  mannite  and 
chloral  hydrate.  In  the  light  of  the  van't  Hoff  theory  this  amounts 
to  saying  that  these  substances  in  aqueous  solution  behave  exactly 
as  if  they  were  in  the  state  of  a  gas. 

In  the  remaining  cases  the  application  of  this  correction  to  m  does 
not  suffice  to  render  the  molecular  depression  constant  for  all  con- 
centrations. In  the  case  of  sugar  the  correction  seems  to  be  too 
small  to  render  the  depressions  constant,  while  in  the  rest  of  the 
cases  this  correction  is  too  large  to  bring  this  about.  The  failure 
of  this  correction  to  bring  the  substances  into  accord  with  the  re- 
quirement that  they  behave  as  gases  is  conspicuous  in  the  case  of 
aniline  alone.  It  is  the  one  case  which  I  have  examined  where  it 
seems  possible  to  believe  that  the  molecules  of  the  dissolved  sub- 
stance combine  themselves  into  molecular  aggregates,  more  and 
more  numerous  in  proportion  as  the  concentration  of  the  solution  is 
increased.  Anomalous  as  the  aniline  certainly  is  in  the  region  of 
greater  concentration  it  is  the  more  important  to  observe  that  it  is 
in  exact  accord  with  the  demands  of  the  theory  when  the  dilution 
becomes  extreme. 

3.  It  will  be  remembered  that  the  only  exception  to  the  general 
law  that  the  molecular  depression  of  non-electrolytes  in  extreme 
dilution  is  constant,  was  exhibited  by  methyl  alcohol,  ethyl  alcohol 
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and  ether.  The  exceptions  here  presented  are.  pronounced  and 
cannot  possibly  be  explained  by  the  assumption  of  unusual  experi- 
mental errors.  More  experimental  knowledge  of  these  substances 
must  be  had  before  any  explanation  of  their  behavior  in  aqueous 
solution  may  be  finally  made.  I  wish  merely  to  be  permitted  to 
suggest  that  the  low  values  for  methyl  and  ethyl  alcohol  is  more 
than  likely  due  to  the  fact  that  they  evaporate  rapidly  from  their 
aqueous  solutions.  To  test  this  suspicion,  I  undertook  to  investi- 
gate the  behavior  of  ether  in  this  relation.  The  results  confirm  the 
suspicion,  but  exhibit  an  additional  difficulty,  namely,  the  values  of 
the  molecular  depression  are  found  not  to  increase  or  decrease  uni- 
formly with  the  increase  in  the  concentration  as  is  the  case  in  the 
other  compounds,  but  the  change  is  according  to  a  much  more 
complex  law.  This  appears  best  in  the  graphic  representation.  I 
have  no  explanation  for  this. 

4.  Before  concluding  this  discussion  of  the  results  the  important 
relation  which  they  bear  to  the  values  found  by  the  writer  for  the 
molecular  depressions  in  the  case  of  a  large  number  of  inorganic 
electrolytes  must  be  pointed  out.  In  general  these  values  for  the 
electrolytes  have  been  about  2  %  lower  than  the  dissociation  theory 
of  Arrhenius  could  account  for.  In  making  comparison  between 
the  experimental  results  and  the  requirements  of  this  theory  the 
van't  HofT  constant  plays  a  fundamental  role,  and  I  have  always  ac- 
cepted the  value  1.89  as  the  most  probable  theoretical  value  for  this 
constant.  According  to  the  results  of  the  present  work  it  appears 
that  this  value  is  too  high  by  1.6^.  Making  use  of  the  new  value  it 
turns  out  that  the  very  large  number  of  electrolytes  which  the 
author  has  examined  are  brought  into  full  accord  with  this  im- 
portant generalization  of  Arrhenius. 

Summary. 

1.  The  method  of  determining  the  freezing  points  of  dilute  solu- 
tions introduced  by  the  author  in  1893  is  shown  to  conform  to  the 
fundamental  requirement  of  all  exact  cryroscopy,  that  the  conver- 
gence temperature  of  the  apparatus  must  be  coincident  with  the  true 

freezing  point  to  be  observed. 

2.  A  source  of  error  in  the  early  practice  of  the  method  has 
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been  discovered.  This  error  arose  from  the  fact  that  in  order  to 
keep  the  thermometer  when  not  in  use  at  the  temperature  4>f  0°  C, 
the  whole  instrument  was  packed  in  ice.  It  is  now  known  that  only 
the  lower  part  should  be  so  treated,  the  upper  part  should  be  kept 
always  at  room  temperature.  This  error  is  shown  to  account  for 
the  slight  downward  curvature  which  the  graphic  representation  of 
the  early  results  for  the  non-electrolytes. 

3.  The  method  is  used  to  find  the  molecular  depressions  of  a 
large  number  of  other  non-electrolytes  in  aqueous  solution.  It  is 
found  that  the  van't  Hoff  constant  is  exactly  verified  in  all  the  cases 
examined  except  methyl  alcohol,  ethyl  alcohol  and  ether.  The 
experimental  value  is  found  to  be  1.86. 

In  conclusion  I  wish  to  say  that  a  few  remaining  non-electro- 
lytes which  should  be  investigated  before  a  general  conclusion  may 
be  drawn  in  regard  to  the  validity  of  the  van't  Hoff  constant  will  be 
studied  as  soon  as  the  opportunity  presents  itself,  and  it  is  hoped 
that  the  additional  knowledge  so  acquired  may  throw  light  upon 
the  exceptions  already  found. 

Pkinceton  University,  July  5,  1899. 
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AN  AHSOLUTP:  determination  of  the  E.M.F. 
OF  THE   CLARK   CELL. 
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By  liENRy  S.  Carhart  and  Karl  E.  Guthe. 

NIcW  determination  of  the  electrochemical  equivalent  of  silver 
WM«  made  a  year  ago  by  Patterson  and  Guthe*.     The  electro- 
dynamometer  employed  for  the 
purpose  was  fully  described   in 
their  paper.     Briefly  a  movable 
coil  is   suspended    by  a   phos- 
phorbronze  wire  approximately 
a  meter  long.    The  center  of  the 
movable   coil   is  placed   at   the 
1     center  of  a  fixed  coil  consisting 
of  one   layer  of   576  turns  of 
wire.     The  dimensions  of  both 
^  ^  8  coils  were  intended  to  fulfill  the 

requirements  laid  down  by  An- 
drew   Gray  *    that   the    length 
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The  expression  for  the  current  is  then 


loi  A  twint  of  the  wiir  thrt>\i};h  an  angle  2*t.     In  this  formula 

V\%  thr  |hmuhI  i\f  vihr^^tion  of  a  weight  J/ suspended  bythephos- 

A,  the  tuonu  ht  of  inciti^  iMT  ihc  mass  J/ 
i\  \\w  vluuu\t\M  ol'  the  rtxcvl  OvnK 

\\  U\o  ywuuU  *  vM  tvmw  \^«^  xxuv  on  ihc  fixed  a-nL 
^  \Nox  K*\  ,  \  a\  \  U  ,  Na  >v  IVn\.  i:^^ 
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»,  the  number  of  turns  of  wire  on  the  movable  coil. 

r,  the  radius  of  the  movable  coil. 

The  electrochemical  equivalent  of  silver  found  by  Patterson  and 
Guthe  was  0.00 1 1 192  gm.  per  ampere  per  sec. 

With  such  an  instrument  to  measure  the  current,  and  with  an 
appropriate  coil  of  known  resistance,  it  is  obviously  easy  to  compare 
the  fall  of  potential  of  a  measured  current  over  this  coil  with  the 
E.  M.  F.  of  a  Clark  standard  cell.  This  work  we  have  taken  up 
the  past  year. 

The  Clark  Cells. 

Two  cells  were  made  in  accordance  with  the  specifications  legal- 
ized by  act  of  Congress  in  1894.  They  are  of  the  Rayleigh  H-form 
as  modified  by  Kahle.  One  of  them  was  made  in  the  autumn  of 
1897  and  the  other  in  October,  1898.  They  do  not  differ  more 
than  one  part  in  ten  thousand.  The  negative  consists  of  a  zinc 
amalgam  one  part  zinc  to  nine  parts  mercury.  The  mercurous  sul- 
phate was  washed  as  directed  in  the  legal  specification,  and  the  zinc 
sulphate  was  rendered  neutral  with  zinc  oxide.  The  amalgam  and 
the  mercurous  sulphate  are  covered  with  crystals  of  zinc  sulphate  to 
a  depth  of  about  one  cm. 

Each  cell  is  mounted  in  a  case  the  top  of  which  is  fitted  with  a 
bayonet  joint  and  is  supplied  with  four  legs.  When  the  hard  rub- 
ber top  is  removed  it  carries  the  cell  with  it.  The  legs  serve  for  a 
support  in  a  bath  of  petroleum.  The  temperature  was  taken  by  a 
thermometer  graduated  to  fifths.  It  was  made  by  Haak,  of  Jena, 
and  has  the  certificate  number  11021  of  the  Reichsanstalt.  At 
15®  it  reads  0.05°  too  low  as  certified  by  the  Reichsanstalt. 

Method  of  Measurement. 
The  two  Clark  cells  were  connected  in  series.  Their  electro- 
motive force  was  not  balanced  directly  against  the  fall  of  potential 
over  the  manganin  coil,  but  by  Poggendorff 's  method  the  E.  M.  F. 
of  the  cells  was  first  balanced  against  the  fall  of  potential  over  a  re- 
sistance P\x\  Fig.  I,  and  then  the  fall  of  potential  over  the  manganin 
coil  R  was  balanced  in  the  same  way,  while  the  current  was  adjusted 
so  as  to  balance  the  torque  of  the  phosphor-bronze  wire  of  the 
electrodynamometer  with  a  twist  of  one  complete  turn.     Between 
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the  resistance  boxes  -Pand  P ^  each  of  10,000  ohms,  was  placed  a 
shunted  Kohlrausch  cylindrical  bridge  wire  whose  1000  divisions 
had  a  resistance  of  1.7  ohms.  This  arrangement  enabled  us  to 
balance  to  fractions  of  an  ohm.  The  resistance  in  this  circuit  was 
thus  kept  at  10,000  ohms  plus  the  resistance  of  the  shunted  bridge 
wire,  the  contact  on  which  was  adjustable  to  secure  a  balance.  The 
resistance  R  over  which  the  fall  of  potential  was  measured  was  the 
same  manganin-coil  used  in  the  determination  of  the  silver  equiva- 
lent. The  value  was  determined  by  comparison  with  two  standard 
one-ohm  coils  made  by  Wolff  in  Berlin  and  tested  by  the  Rdchsan- 
stalt.     The  certificates  are  numbered  160  and  163. 

If  /  is  the  current  measured  by  the  electrodynamometer,  E  the 
E.  M.  F.  of  the  two  cells,  R^  the  resistance  in  P  necessary  to  balance 
E,  R^  the  resistance  to  balance  the  P.  D.  due  to  /,  and  R  the  resist- 
ance of  the  manganin  coil,  then 

E^RI?^ 

If  /  be  put  equal  to  aj  T^  in  which  a  is  made  up  of  the  constants 
in  the  expression  for  /already  given,  then 

E^R^.^. 
R^   T 

The  axis  of  the  movable  coil  was  placed  at  right  angles  to  the 
magnetic  meridian  to  avoid  dip.  Moreover,  it  was  necessary  to  re- 
verse the  current  through  the  stationary  coil  without  reversing 
tiirou^h  the  suspended  coil  so  as  to  eliminate  a  small  disturbance  due 
Ui  i\\n  manner  of  leading  in  the  current  to  the  movable  coil.  Hence 
it  wan  ncccHsary  to  use  all  four  permutations  of  direct  and  reversed 
ukrrfA\i%  tlirough  the  two  coils. 

Data  and  Results. 
'I  Ut:  following  table  gives  the  resistances  necessary  for  a  balance 
\iY  th/t  To^^^/rrndorff  method  of  comparison.  In  arrangement  2  the 
I  fHf  lit  Wii*  r<-* versed  through  the  movable  coil  without  reversal 
lUiofi^li  %Un  fixed  coil  as  compared  with  i«  R^  is  the  resistance  to 
^,^Un$c  wjtii  i\\tt  current  in  one  direction,  R^  the  resistance  to  balance 
^\iU  %Ur  {.iirrtTfit  reversed  through  the  entire  instrument,  and  R^  the 
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resistance  to  balance  the  e.  m.  f.  of  the  two  standard  cells.     The 
column  headed  /  is  the  temperature  of  the  phosphor-bronze  wire. 

Table  I. 


Date. 

Amngcmcnt. 

Rm 

Rh 

Rx 

/ 

T 

Mmy27. 

1 

7303.8 

7299.0 

4631.9 

23.00 

11  9850 

2 

7422.25 

7418.9 

4631.9 

23.4 

"     30. 

1 

7324.5 

7320.0 

4644.3 

22.9 

11.9847 

2 

7443.0 

7440.7 

4644.3 

23.2 

"    31. 

1 

7329.5 

7323.7 

4647.5 

24.25 

11  9875 

2 

7449.4 

7445.0 

4647.5 

24.2 

The  value  of  the  resistance  R  to  give  a  balance  if  there  were  no 
earth's  field  or  asymmetry  in  the  electrodynamometer  would  be 
very  approximately  ^^RJR^'R^'R^',  where  the  primes  refer  to  ar- 
rangement I  and  the  seconds  to  arrangement  2. 

The  resistance  of  the  manganin  coil  was  found  to  be  4.6304  ohms 
at  23®.  Its  temperature  coefficient  is  very  nearly  zero  at  this  tem- 
perature. Three  comparisons  were  made  with  the  Wolff  coils  by 
the  Carey  Foster  method.  Two  additional  English  one-ohm  coils 
were  first  compared  with  the  German  coils,  and  then  all  four  in 
series  with  the  manganin  coil. 

Referring  again  to  the  formula  for  the  electromotive  force, 

^      ^R,  T 
we  have  to  find  the  constant 


\\ 


2TzKs/iy  +  D 
Nn 


The  constants  of  the  electrodynamometer  in  this  formula  are  as 
follows : 

r,  4.9968  cm.;  AT,  2251.89  cm'.-gm.;  Z?,  48.108  cm.; 
Z,  41.621  cm.;  N,  576;  «,  45. 

The  period  of  vibration  of  the  weighted  phosphor-bronze  wire 
was  determined  at  several  temperatures  just  before  its  use  in  the 
electrodynamometer  and  again  immediately  afterwards.  The  period 
was  slightly  longer  than  it  was  a  year  ago,  but  the  temperature  co- 
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efficient  was  unchanged  for  the  new  temperature  curve,  Fig.  2,  is 
parallel  to  the  old  one.  It  is  highly  probable  that  this  wire  has  suf- 
fered some  oxidation  during  the  year. 

The  dimensions  of  both  coils  were  measured  over  again.  The 
movable  coil  had  to  be  rewound,  as  the  flattened  copper  wire  was 
loose.  The  new  dimensions  are  appreciably  smaller  than  those  for 
a  year  ago.  The  rubber  continues  to  shrink  somewhat,  and  it  is 
proposed  to  try  new  materials  for  the  purpose  hereafter.  The 
periods  7"  in  the  table  are  taken  from  the  curve  I,  Fig.  2,  at  points 
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TEMPERATURE 
Fig.  2. 


denoted  by  the  mean  temperatures.      Substituting  the  numerical 
values  we  have  the  following  results  for  the  cells  at  the  reading  of 
15°  on  the  thermometer  : 

May  27,  ^5=:  1. 433 5 5  volts. 
May  30,  E^  1-43333  volts. 
May  31,  £=  1.43305  volts. 

The  dimensions  of  the  movable  cuil  were  taken  immediately  after 
the  last  set  of  observations.  Since  it  is  known  that  its  dimensions 
change  by  shrinking,  and  as  a  smaller  value  of  r  increases  the  value 
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■of  the  constant  a,  and  hence  the  value  of  E,  it  is  evident  that  any 
shrinkage  between  May  27  and  May  31  tends  to  increase  the  value 
of  E  from  the  first  set  of  observations.  We  have  accordingly 
thought  best  to  give  the  first  determination  half  the  weight  of  the 
other  two.  The  result,  after  correcting  for  the  thermometer  error 
of  0^.05,  is 

1-4333  volts  at  15°  C. 

If  we  allow  equal  weights  for  the  three  determinations,  the  result 
differs  by  only  one  unit  in  the  fourth  decimal  place.  Since  the  two 
cells  themselves  differ  by  one  part  in  ten  thousand,  and  since  we  do 
not  claim  a  degree  of  accuracy  greater  than  one  part  in  five  thous- 
and, the  fourth  decimal  place  is  of  course  in  doubt. 

In  1 892  Glazebrook  and  Skinner  made  a  very  careful  determina- 
tion of  the  E.  M.  F.  of  the  Clark  cell  by  the  silver  voltameter  method, 
assuming  0.00 1 1 18  as  the  silver  equivalent.  The  result  was  1.4342 
at  15°.^ 

Kahle  in  1898  found  by  means  of  a  Helmholtz  electrodynamom- 
eter  the  value  for  the  modified  H-form,  1.4328  at  15°.'     But  Kahle 
says  that  the  silver  equivalent  for  a  solution  neutralized  with  silver 
oxide  is  five  parts  in  ten  thousand  higher  than  for  a  solution  not  so 
neutralized.     He  obtained  for  the  silver  equivalent  0.00 1 1 182.     But 
neither  he  nor  Glazebrook  apparently  neutralized  with  silver  oxide. 
Hence  if  we  employ  0.0011187  for  a  solution  not  neutralized  by 
silver  oxide  and  recalculate  from  Glazebrook's  data,  the  result  is 
1.4332  at  15®.     This  is  practically  identical  with  ours. 
Physical  Laboratory,  University  op  Michigan,  July  10,  1899. 
»Phil.  Trans.  (A),  Vol.  183,  p.  567,  1892. 
•Zcitsch.  f.  lustrum.  Kunde,  June,  1898. 
Note. — Since  this  paper  was  written  the  two  Clark  Cells  used  in  the  investigation 
have  been  taken  by  Professor  Carhart  to  Berlin,  and  through  the  courtesy  of  the  President 
of  the  Reichsanstalt,  Professor  Kohlrausch,  of  the  Director  of  the  technical  department, 
Professor  Hagen  and  of  Professor  Lindeck,  the  opportunity  has  been  afforded  of  making 
several  series  of  comparisons  with  the  standards  of  the  Reichsanstalt  in  Charlottenburg. 
Unfortunately  cell  No.  2  was  injured  during  the  long  journey,  but  No.  I  remained 
in  good  condition.     No.  2  was  often  compared  with  No.  I  in  Ann  Arbor  and  was  never 
more  than  one  part  in  10,000  lower  than  No.  I. 

The  result  of  three  elaborate  series  of  comparisons  is  that  the  £.  M.  F.  of  No.  X  is 
one  part  in  20,000  higher  than  the  mean  of  all  the  normal  Clark  cells  in  both  departments 
of  the  Reichsanstalt.  This  difference  is  well  within  the  degree  of  accuracy  attempted  in 
this  investigation. 
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>y  THE    RESISTANCE    OFFERED    BY    IRON   WIRES    TO 

ALTERNATING  CURRENTS. 

Bv  Ernest  Merkitt. 

THE  abnormally  large  resistance  offered  by  iron  wires  to  alter- 
nating currents  has  been  a  matter  of  common  observation  for 
many  years.  The  increased  resistance  is  due  to  what  is  known  as 
the  "  throttling  effect,"  which  prevents  an  alternating  current  from 
penetrating  completely  to  the  center  of  the  wire  ;  the  effect  is  espe- 
cially noticeable  in  iron  because  of  the  high  permeability.  The 
results  of  this  throttling  effect  in  the  case  of  iron  wires  are  some- 
times quite  startling,  as  for  example  in  the  case  cited  by  Lord  Kel- 
vin, where  the  accidental  short-circuiting  of  an  alternating  circuit 
by  an  iron  bar  caused  the  outer  surface  of  the  bar  to  be  heated  al- 
most to  redness,  while  the  inner  portions  were  scarcely  warmed. 

In  the  case  of  the  non-magnetic  metals,  for  which  the  permeabil- 
ity is  constant,  the  computation  of  the  resistance  offered  to  alternat- 
ing currents  of  a  given  frequency  is  a  matter  of  no  great  difficulty. 
But  in  the  case  of  iron  the  permeability  changes  with  the  current 
strength  in  accordance  with  a  law  that  is  as  yet  unknown.  By  as- 
suming what  appears  to  be  a  reasonable  average  value  for  fi  and  sub- 
stituting this  in  the  formula  derived  on  the  assumption  of  fi  con- 
stant, wc  can  obtain  an  approximate  value  for  the  resistance  offered 
by  an  iron  wire  under  given  conditions  ;  but,  as  I  have  pointed  out 
in  a  previous  article,^  we  have  no  means  of  telling  how  close  this 
approximation  will  be.  In  fact  it  is  questionable  whether  a  formula 
derived  upon  the  assumption  of  a  constant  permeability  can  be  cor- 
rect even  in  its  general  form ;  for  it  is  to  be  remembered  that  the 
value  of /i  will  not  only  change  during  the  course  of  an  alternation, 
but  will  also  be  different  at  a  given  instant  in  different  parts  of  the 
wire,  since  the  iron  will  be  magnetized  to  a  different  extent  at  the 
surface  from   what  it  is  at  the  center.     The  whole  question  is  so 

1  The  Distribution  of  Altcraating  Currents  in  Cylindrical  Wires,  Physical  Rkvixw> 

Val.  S,p.  47^ 
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complicated  that  an  experimental  study  of  the  subject  seems  neces- 
sary before  correct  conclusions  can  be  reached. 

The  experiments  described  below  were  carried  out  at  my  sugges- 
tion by  Mr.  H.  H.  Denio/  to  whose  care  and  patience  the  consistent 
results  are  due.  The  method  employed  is  open  to  criticism  for 
several  reasons,  so  that  no  high  degree  of  accuracy  can  be  claimed 
for  the  numerical  values  obtained.  Nevertheless  I  think  that  the 
results  will  serve  a  useful  purpose  in  calling  attention  to  the  more 
important  peculiarities  in  the  behavior  of  iron  wires,  and  that  they 
may  be  of  assistance  in  planning  a  more  accurate  study  of  the  phe- 
nomena. 

The  iron  wire  whose  resistance  was  to  be  measured  was  made  one 
arm  of  a  Wheatstone  Bridge,  the  other  arm  being  formed  by  large 
wires  of  German  silver.  The  wires  were  not  coiled,  but  stretched 
between  two  heavy  brass  blocks,  AB  and  CD  (Fig.  i),  these  being 
mounted  on  a  long  board. 
The  distance  between  A  and 
C  was  220  cm.  The  resis- 
tance of  the  German  silver 
wire  BD  was  about  0.5  ohm. 
Current,  either  alternating  or 
direct  as  desired,  entered  the  bridge  at  AB  and  CD  and  divided 
between  the  two  branches  in  the  ordinary  way.  The  balance  of  the 
bridge  was  determined  by  means  of  a  telephone,  T,  one  of  whose 
terminals  was  permanently  connected  to  one  end  of  the  iron  wire 
MC,  while  the  other  could  be  moved  along  BD  until  the  sound  in 
the  telephone  reached  a  minimum.  Complete  silence  was  never 
obtained. 

It  was  at  first  thought  that  the  failure  to  obtain  silence  in  the 
telephone  was  due  to  the  fact  that  the  inductance  of  ^C  was  greater 
than  that  of  BD,  Several  attempts  were  made  to  remove  the  diffi- 
culty by  increasing  the  self  induction  of  BD,  but  without  success. 
I  am  now  of  the  opinion  that  the  trouble  was  caused  by  the  varia- 
tions occurring  in  the  self  induction  of  the  iron  wire  during  the 
course  of  an  alternation.  If  this  is  true  the  difficulty  is  one  that  is 
inherent  in  the  method. 

» Thesis  for  the  degree  of  B.  S.,  189S.     Cornell  Universty  Library. 
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Although  complete  silence  could  not  be  obtained,  it  was  always 
possible  to  set  to  a  minimum  of  sound  in  the  telephone  with  con- 
siderable certainty.  A  change  in  the  quality  of  the  sound  in  pass- 
ing through  the  minimum  often  assisted  in  locating  N, 

The  alternating  current  used  had  a  frequency  of  about  1 30  peri- 
ods per  second. 

It  was  expected  that  the  resistance  offered  to  alternating  currents 
would  depend  upon  the  current  strength.  The  current  flowing  in 
the  iron  wire  was  therefore  varied  through  a  wide  range  of  values, 
the  resistance  being  measured  for  each.  Curves  were  then  plotted 
showing  the  relation  between  current  and  resistance  for  each  wire 
tested.  The  resistance  for  direct  current  was  determined  by  the 
same  apparatus.  Since  the  current  used  was  often  strong  enough 
to  appreciably  heat  the  wire,  the  measurements  made  with 
direct  currents  were  also  repeated  with  a  number  of  different  cur- 
rent strengths.  The  ratio  of  the  alternating  current  resistance  to 
the  direct  current  resistance  for  the  same  current  strength  is  then  a 


CURRENT 
Fig.  2. 

measure  of  the  throttling  effect.  It  will  be  observed  that  this 
method  of  procedure  eliminates  the  errors  that  might  arise  from 
changes  in  resistance  due  to  the  heating  of  the  wire. 

Seven  different  wires  were  tested,  ranging  in  diameter  from 
0.032  cm.  to  0.476  cm.  The  curves  shown  in  Fig.  2,  which  refer 
to  a  wire  of  o.  1 14  cm.  in  diameter,  are  typical  of  the  behavior  ob- 
served in  all   cases.     The  lower  curve  (D)  shows  the  variation  in 
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resistance  with  current  strength  as .  determined  by  using  a  direct 
current  in  the  bridge.  The  increase  in  resistance  in  this  case  is  due 
to  the  wire  becoming  heated.  Curve  A  shows  the  resistance  offered 
to  alternating  currents,  also  plotted  as  a  function  of  the  current 
strength.  In  Fig.  3  a  similar  set  of  curves  is  shown  for  a  wire 
0.366  cm.  in  diameter.  With  small  current  it  was  difficult  to  meas- 
ure the  resistance  with  accuracy,  so  that  the  portion  of  the  curves 
near  the  origin  are  less  reliable  than  those  corresponding  to  larger 
currents. 

In  their  general  character  the  results  represented  by  these  curves 
are  what  might  be  anticipated  from  the  known  magnetic  properties 


of  iron.  For  small  currents  the  iron  is  only  weakly  magnetized, 
so  that  its  permeability  is  small.  For  such  currents  the  behavior  of 
the  iron  is  therefore  not  very  different  from  that  of  the  non-mag- 
netic metals,  whose  resistance,  for  the  frequency  and  sizes  of  wire 
used,  should  be  practically  the  same  for  alternating  currents  as  for 
direct  currents.  As  the  current  in  the  wire  is  increased  the  result- 
ing magnetization  becomes  greater,  and  for  a  time  the  permeability 
rapidly  increases.  During  the  range  of  current  values  for  which  /i 
is  large  the  throttling  effect  is  well  marked,  the  alternating  current 
resistance  being  appreciably  larger.  The  increase  in  resistance  is  of 
course  greater  for  large  wires  than  for  small  ones.  If  the  current 
is  increased  still  further,  the  outer  layers  of  the  wire  begin  to  satu- 
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rate,  and  the  permeability  of  this  part  of  the  iron  is  in  consequence 
diminished.  Roughly  speaking,  the  wire  is  now  equivalent  to  a 
core  of  high  permeability,  which  is  surrounded  by  a  shell  of  prac- 
tically non-magnetic  material.  The  thickness  of  this  saturated  or 
non-magnetic  layer  increases  with  increasing  current  until  finally  the 
wire  is  saturated  throughout,  after  which  it  again  behaves  like  a  non- 
magnetic substance  and  the  resistance  for  alternating  currents  be- 
comes appreciably  the  same  as  that  for  direct  currents.  The  current 
for  which  the  alternating  current  resistance  is  a  maximum,  as  well 
as  the  relative  value  of  this  maximum  resistance,  will  evidently  de- 
pend upon  the  size  and  magnetic  qualities  of  the  wire. 

A  glance  at  the  curves  plotted  in  Figs.  2  and  3  shows  that  the 
results  obtained  by  Mr.  Denio  are  qualitatively  the  same  as  the  above 
considerations  would  lead  us  to  expect.  Any  quantitative  test  of 
these  conclusions  must  of  necessity  be  very  incomplete.  It  is  grati- 
fying to  observe,  however,  that  the  measured  values  of  the  alternat- 
ing current  resistance  do  not  differ  greatly  from  those  resulting  from 
an  approximate  theoretical  treatment.  In  the  case  of  the  smaller 
wire,  whose  diameter  was  0.114  cm.,  an  alternating  current  of  3.5 
amperes,  corresponding  to  a  maximum  of  about  $  amperes,  would 
give-^=  18  as  the  maximum  magnetizing  force  at  the  surface. 
The  average  permeability  of  soft  iron  when  carried  through  a  cycle 
having  this  maximum  magnetizing  force  is  not  far  from  looo.*  For 
the  interior  of  the  wire  the  value  of  //"would  be  less  than  18  and 
permeability  would  therefore  be  somewhat  larger.  If  we  put  the 
average  permeability  of  the  wire  equal  to  1600,  the  specific  resist- 
ance being  about  10,000,  the  ratio  of  the  alternating  current  resist- 
ance to  the  ordinary  resistance  of  the  wire  should  be  about  1.1$. 
The  observed  value  of  this  ratio,  as  shown  by  the  curves  in  Fig. 
2,  was  1.34.  The  discrepancy  between  these  two  values,  although 
considerable,  is  probably  not  greater  than  should  be  expected,  for 
the  computed  value  depends  on  the  assumption  of  a  constant  permea- 
bility. For  a  current  of  3.5  amperes  the  outer  layers  of  the  wire 
are  already  approaching  saturation.  For  still  larger  currents  the 
permeability  would  therefore  be  less  than  1600,  and  we  should  ex- 
pect the  alternating  current  resistance  to  diminish  with  increasing 

1  Ewing,  Magnetic  Induction  in  Iron  and  other  Metals,  p.  107. 
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current.  That  this  conclusion  is  verified  by  experiment  is  shown  by 
the  curve  in  Fig.  2. 

A  similar  computation  in  the  case  of  the  larger  wire  (diameter 
■«  0.366  cm.)  shows  that  for  a  current  of  7  amperes  the  alternating 
current  resistance  should  exceed  that  for  direct  currents  in  the  ratio 
of  about  2.8  to  I.  The  value  of  this  ratio  determined  by  experi- 
ment was  3.2.  But  for  a  current  of  7  amperes  the  magnetic  force  at 
the  surface  is  only  slightly  greater  than  unity,  so  that  saturation  is 
not  yet  reached.  The  rapid  decrease  in  resistance  shown  in  Fig.  3 
for  latter  currents  is  therefore  hard  to  explain. 

A  number  of  other  wires  were  tested,  the  results  being  in  general 
more  satisfactory  with  the  wires  of  larger  diameter.  While  the 
cases  cited  above  are  typical,  it  must  be  admitted  that  in  some  in- 
stances the  quantitative  agreement  between  observed  and  predicted 
results  was  even  less  satisfactory  than  in  the  case  mentioned.  Fur- 
ther experiments  with  more  reliable  methods  will  doubtless  indicate 
more  clearly  in  what  way  the  approximate  theory  must  be  modified 
in  order  to  become  applicable  to  the  magnetic  metals. 
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ON  A  THEOREM   OF   CLEBSCH'S. 


By  Paul  Saurel. 


u/' 


CLEBSCH  has  shown^  that  the  integrals  of_tljfi_eguationsofmotion 
of  a  vibrating  elastic  solid  can  be  put  into  a  very  simple  ancf 
elegant  form.     His  demonstration,  while  by  no  means  long  or  diffi- 
cult, seems,  nevertheless,  to  admit  of  some  simplification. 
The  equations  in  question  are '} 


in  which 
and 


3^' 

=  a»J« 

+  (^- 

-< 

=  c^Av 

-4-(^- 

■< 

3*a/ 
3/* 

=  a*Ja/  +  (^- 

J 

3» 

.3' 
+  3/ 

+  3^ 

du      Zv       3«/ 
3Jr  ^  3^^  ^  a^ 


From  the  above  equations,  it  follows  without  difficulty  that 

Let  Uy  V,  whe  any  given  solution  of  the  above  equations  and  let 
us  write 

«  = h  « 

3^ 


9^ 
dy 


+  v^ 


2V  +  - — i-  ur 

1  Qebsch,  Ueber  die  Reflexion  an  einer  Kugelfl&che.     Borchardt's  Journal  fttr  die 
reine  u.  angew  Math.,  Bd.  6i. 

*  Kirchhoff,  Vorlesungen  ttber  Mechanik,  XI  Vorlesung. 
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From  these  we  obtain 
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in  which 


3«'       3z/'       3ze/ 
^- 1-  ^^^ V  - — 


If  we  substitute  the  above  values  of  u,  v^  w  in  the  equations  of 
motion,  we  get 

Suppose  that  <t'  =  o.  6 

The  necessary  and  sufficient  condition  for  this,  is  (equation  4)  that 

JP^a.  7 

Suppose  moreover  that  P  satisfies  the  equation 


Equations  5  then  become 


a/*" 

=  ^j/'. 

a'«' 

<^Ju' 

av 
a/*  " 

a*jt/ 

a/*" 

<i*ia/ 

If,  then,  it  be  possible  to  choose  P  so  that  equations  7  and  8  are 
simultaneously  verified,  equations  3  will  determine  «',  z/,  tt/.  We 
shall  thus  have  established  that  every  solution  of  the  given  equa- 
tions can  be  written  in  the  form  of  equations  3,  /*  being  a  common 
integral  of  equations  7  and  8,  and  u\  z/  u/  being  three  solutions  of 
the  equation 
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these  solutions,  moreover,  being  connected  by  equation  6  : 
Zi^      Zv'      3«^ 

Zx     zy      z^  ^ 

In  order  to  show  that  we  can  determine  P  so  as  to  satisfy  equa- 
tions 7  and  8,  let  us  write  the  equation  obtained  from  them : 

Z'P      J. 

The  pair  of  equations  7  and  8  may  be  replaced  by  the  pair  of 
equivalent  equations  7  and  1 2.     The  integral  of  equation  1 2  is 

P^  l^fdtfadt^  A{x,y,  z)  •t+B{x,y.  z), 

A  and  B  being  two  arbitrary  functions.     From  this  equation  we 

obtain 

AP^  l^fdtfAadt  +  dA{x,  y,z)'t+  JB{z,  y,  z). 

Choosing  the  arbitrary  functions  so  that 

M{x,y,  z)  =  o,     iB{x,y,  z)^o 

and  making  use  of  equation  2,  we  obtain 

Thus  equation  7  is  also  verified  and  the  theorem  stated  above  is  es- 
tablished. 

» 

This  result  may  be  put  into  a  more  striking  form  if  we  make  use 
of  a  theorem  tacitly  admitted  by  Clebsch  and  rigorously  established 
by  Duhem.^  The  theorem  in  question  is  the  following:  If  «',  z/, 
«/'  are  three  integrals  of  equation  10,  which  also  verify  equation  11, 
we  may  write 

Zz        Z^ ' 

,    zv    zu 
zx     zy 

in  which  U^  V,  W^are  three  solutions  of  equation  10. 

^Duhem,  Sur  rint^grale  des  Equations  des  petits  mouvements  d'un  solide  isotrope. 
M^moires  de  la  Soci6t6  des  Sciences  de  Bordeaux.    5*  S^rie,  t.  III.,  p.  325,  1899. 
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Thus  finally  we  obtain  Clebsch's  theorem  :  Every  solution  of  the 
equations  of  motion  of  a  vibrating  elastic  solid  can  be  written  in 
the  form : 

"  Zx       dy       dz 


Zy       Zz         Zx 


W  i 


dz       dx        dy 


13 


[/,  V,  W^  being  three  solutions  of  the  equation 


and  P  being  a  solution  common  to  the  equations 

a/' 


14 


IS 


Conversely,  if  U,  V,  W^are  any  three  solutions  of  equation  14,  and 
P  any  solution  of  equation  1 5,  equations  13  furnish  a  solution  of  the 
equations  of  motion.     This  is  very  easily  verified  by  substituting  in 
the  original  equations  the  values  of  u,  v,  w  given  by  equations  13. 
Bordeaux,  April,  1899. 
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\l  AN  INVESTIGATION  OF  THE  MAGNETIC  QUALI- 

TIES  OF   BUILDING   BRICK. 

O.  A.  Gage  and  H.  E.  Lawrence. 

THE  magnetic  disturbances  existing  in  physical  laboratories  have 
in  a  few  cases,  been  traced  to  the  brick  work  of  the  walls 
and  piers  of  the  building.  Having  in  mind  the  selection  of  a  brick 
suitable  for  a  laboratory  of  physics,  it  became  desirable  to  investi- 
gate, so  far  as  possible,  the  causes  and  behavior  of  the  magnetism 
known  to  exist  in  some  building  bricks.  For  this  purpose  samples 
were  furnished  the  writer  from  many  of  the  factories  of  the  nor- 
thern and  eastern  states.  These  included  all  varieties  of  shades  of 
color  of  which  an  attempt  is  made  to  convey  an  idea  to  the  reader 
in  the  accompanying  tables.  The  greater  number  were  of  the 
pressed  brick  variety,  though  specimens  of  the  ordinary  red  variety 
are  included.  In  all  the  samples  but  one — number  24,  nearly  white 
in  color — magnetism  was  found  to  a  greater  or  less  degree. 

The  apparatus  used  was  a  magnetometer  of  the  ordinary  **  end- 
on  "  form,  constructed  for  the  purpose,  the  telescope  being  mounted 
at  a  distance  of  about  125  cm.,  the  center  of  the  brick  when  in 
position  being  about  14  cm.  from  the  magnetometer  needle.  The 
position  of  the  poles  was  found  approximately  by  presenting  the 
different  faces  in  turn  to  the  magnetometer ;  the  two  opposite  caus- 
ing the  greatest  deflection  were  said  to  contain  the  poles.  In  all 
cases  these  were  found  to  be  either  in  the  faces  or  edges,  never  in 
the  ends  of  the  bricks.  This  position  was  permanent  and  could  not 
be  changed  by  any  means  at  hand. 

The  opposite  table  gives  the  results  first  obtained  on  thirty-one 
samples. 

Although  a  large  number  of  the  same  kind  was  not  examined,  yet 
in  a  few  cases  duplicates  are  included.  Nos.  5,  9,  10,  ii,  12  are 
alike  and  their  moments,  0.330,  0.256,  0.256,  0.282,  0.209,  re- 
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BHck. 

Color. 

Deflection. 

Aogle  of 
Deflection. 

Moment. 

Position  of 
Poles. 

1 

Ordinary  Red. 

0.9 

WW 

0.924 

Edge. 

2 

«<           i( 

0.55 

10  32 

0.565 

K 

3 

<<           (( 

0.575 

11     1 

0.591 

II 

4 

((           i< 

0.475 

9    6 

0.495 

11 

5 

Pressed       *« 

0.3 

5  45 

0.330 

II 

6 

Cream. 

0.5 

9  35 

0.558 

<( 

7 

Brown. 

2.25 

43    5 

2.476 

II 

8 

Pressed  Red. 

0.55 

10  32 

0.573 

l( 

9 

<<         f< 

0.25 

4  47 

0.256 

II 

10 

i<         II 

0.25 

4  47 

0.256 

II 

11 

f  <         (1 

0.3 

5  45 

0.282 

II 

12 

<<         II 

0.2 

3  50 

0.209 

<l 

13 

Brown. 

1.0 

19    9 

1.116 

<l 

14 

•< 

1.05 

20    7 

1.172 

<< 

IS 

<• 

1.05 

20    7 

0.821 

Face. 

16 

Brown  Spotted. 

0.35 

6  42 

0.362 

Edge. 

17 

i<            <i 

0.2 

3  50 

0.206 

(< 

18 

<<                     M 

0.3 

5  45 

0.308 

i< 

19 

0.15 

2  52 

0.160 

«< 

20 

l( 

0.3 

5  45 

0.326 

(< 

21 

Red  Spotted. 

0.3 

5  45 

0.326 

(I 

22 

<(          11 

0.1 

155 

0.078 

Face. 

23 

Cream  Spotted. 

0.1 

155 

0.109 

Edge. 

24 

White. 

0.000 

0.000 

25 

Pressed  Red. 

3.0 

57  26 

2.428 

Face. 

26 

i»         <( 

2.65 

50  44 

2.070 

<< 

27 

((         << 

2.55 

48  50 

1.992 

(< 

28 

White.                        ' 

0.05 

0  53 

0.035 

ti 

29 

i( 

0.05 

0  53 

0.035 

II 

30 

<< 

0.05 

0  53 

0.049 

Edge. 

31 

(< 

0.05 

0  53 

0.049 

«l 

32 

1* 

1.00 

19    9 

0.997 

<l 

spectively,  show  no  great  variation.  The  bricks  in  each  of  the  fol- 
lowing series  are  alike:  Nos.  13,  14,  15;  Nos.  16,  17,  18;  Nos. 
25,  26,  27  ;  Nos.  24,  28,  29,  30,  31  ;  the  moments  of  those  belong- 
ing to  the  some  set  being  fairly  equal  in  view  of  the  variable  com- 
position of  the  brick. 

The  moments  of  the  bricks  are  not  constant.  The  foregoing  read- 
ings were  taken  in  October,  1898.  The  experiments  were  resumed 
in  January,  1899.  The  following  table  gives  the  measurements 
taken  then : 
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Brick 

Deflection. 

Moment. 

Oct.. '98. 

J»o-.  '99. 

2. 

0.55 

0.565 

0.565 

3. 

0.5 

0.591 

0.513 

5. 

0.7 

0.330 

0.770 

6. 

1.4 

0.558 

1.562 

7. 

14.62 

2.476 

15.994 

8. 

0.4 

0.573 

0.416 

16. 

0.1 

0.362 

0.103 

20. 

0.2 

0.326 

0.217 

21. 

0.1 

0  326 

0.107 

23. 

0.8 

0.109 

0.868 

25. 

3.0 

2.428 

2.428 

27. 

2.3 

1.992 

1.797 

28. 

0.1 

0.035 

0.076 

It  will  be  noticed  that  the  bricks  did  not  vary  in  the  same  direc- 
tion, some  increasing,  others  decreasing  in  strength. 

No  good  idea  of  the  strength  of  the  brick  can  be  obtained  from 
the  value  of  its  moment ;  but  when  compared  with  a  steel  magnet, 


h 
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Black  lines  show  moments  at  ordinary  temperature  ;   dotted  lines  show 
the  same  when  heated. 

its  force  is  better  apprehended.  Assuming  that  the  steel  magnet 
has  0.325  c.  g.  s.  units  to  the  cubic  millimeter,  brick  No.  7  at  its 
first  strength  would  be  equivalent  to  a  steel  magnet  9.7  mm.  in 
length  and  i  mm.  in  diameter ;  at  its  new  strength,  to  a  magnet  62.7 
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mm.  in  length  and   i  mm.  in  diameter.     Brick  No.  i  would  equal 
a  similar  magnet  3.53  mm.  in  length. 

The  moments  of  the  bricks  were  changed  when  rapped  in  the  field 
of  a  motor  and  also  when  heated.  The  temperature  to  which  they 
were  heated  was  low ;  but,  nevertheless,  the  diminution  of  the  mo- 
ments was  in  all  cases  marked,  and,  in  some,  extraordinary.  In  all 
cases  the  bricks  regained  their  strength  upon  cooling.  The  results 
obtained  are  tabulated  and  shown  below. 


Brick. 

Deflection. 

Temperature. 

Moment. 

Ratio. 

Hot. 

Cold. 

Cool. 

Hot. 

1. 

0.55 

110«C. 

0.56 

0.92 

0.61 

2. 

0.35 

130 

0.36 

0.56 

0.64 

3. 

0.25 

130 

0.26 

0.59 

0.44 

5. 

0.2 

140 

0.22 

0.33 

1 

0.67 

6. 

0.325 

110 

0.36 

0.56 

1 

0.64 

7. 

1.8 

130 

1.98 

2.48 

0.80 

16. 

0.15 

140 

0.15 

0.36 

0.42 

27. 

0.15 

130 

0.12 

1.99 

0.06 

28. 

0.00 

130 

0.00 

0.04 

An  interesting  point  in  this  variation  is  the  ratio  at  which  the 
various  bricks  diminish  in  strength.  If  the  bricks  containing  the 
same  clay  had  been  used,  the  constancy  of  the  ratio  would  not  be 
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surprising ;  but  when  bricks,  quite  different  in  composition,  lose 
their  magnetism  so  uniformly,  it  is  certainly  strange.  Omitting 
bricks  Nos.  27  and  28,  the  average  of  the  ratio  is  i  :  0.6  and  four  of 
these  differ  very  slightly  from  the  mean. 

The  bricks  were  also  tested  for  permeability.  The  magnetometer 
method  was  used  and  in  the  first  coil  the  wire  was  wound  perpen- 
dicular to  the  long  axis  of  the  brick  and  consisted  of  185  turns. 
Accordingly,  the  magnetic  axes  of  the  brick  and  the  coil  were  at 
right  angles.  In  a  second  coil  of  125  turns,  the  magnetic  axis  was 
parallel  to  that  of  the  brick.  The  coils  were  so  wound  that  the 
brick  could  be  removed,  and  its  permeability  was  tested  by  noting 
whether  its  presence  or  absence  produced  any  effect  upon  the  mag- 
netometer needle.  Currents  as  large  as  four  amperes  were  used, 
yet  the  bricks  apparently  had  no  effect  upon  the  strength  of  the  coils. 

No  experiments  were  performed  to  prove  directly  the  cause  of 
the  magnetism ;  but,  in  the  course  of  some  previous  ones,  light 
was  thrown  upon  the  subject  The  greater  part  of  the  magnetism 
is  probably  due  to  the  presence  of  the  magnetic  iron  oxide,  for  the 
powder  from  several  of  the  bricks  gave  up  small  particles  to  the 
magnet,  and  iron  is  the  only  constituent  of  the  clays  that  would 
act  this  way.  Also,  the  larger  amount  of  iron  oxide  in  a  clay 
makes  the  brick  more  magnetic,  other  things  being  equal.  Thus 
brick  No.  25  contains  about  five  times  as  much  iron  as  No.  28  and 
is  very  much  stronger.  Brick  No.  6  contains  about  the  same 
amount  of  iron  as  No.  25,  but  is  not  nearly  so  strong.  This  may 
be  due  to  the  fact  that  No.  6  has  over  14^  of  lime  and  4^  of  mag- 
nesium, while  No.  25  has  no  lime  and  only  0.5^  of  magnesium. 
The  iron  is  supposed  to  form  double  silicates  of  lime  and  iron  simi- 
lar to  the  mineral  zoisite,  and,  in  this  form,  the  iron  is  probably 
non-magnetic.  Nos.  i  and  3  are  also  stronger  than  6  when  they 
contain  less  iron  and  also  less  lime  and  magnesium. 

The  permanent  magnetism  is  probably  due  to  the  cooling  of  the 
bricks  in  the  magnetic  field  of  the  earth.  One  or  two  facts  seem  to 
support  this  theory.  The  position  of  the  poles  was  somewhat  re- 
markable in  that  it  was  never  found  in  the  head  of  the  brick.  This 
may  be  explained  by  the  way  in  which  they  are  placed  in  the  kilns  to 
be  burned.     They  are  placed  always  on  the  face  or  edge  allowing  the 
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magnetic  lines  of  the  earth  to  pass  through  either  both  faces  or  both 
edges.  No  direct  proof  of  this  was  obtained,  but  one  brick  similar 
to  No.  I  of  the  ordinary  red  variety,  which  had  not  been  burned, 
was  tested  and  contained  no  magnetism.  Accordingly,  it  may  be 
that  burning  is  the  agent  which  gives  the  bricks  their  permanent 
magnetism. 

To  recapitulate,  the  bricks  were,  in  most  cases,  found  to  be  per- 
manent magnets  of  slight  and  varying  strength.  The  magnetism 
was  affected  by  heat  and  strong  magnetic  fields.  The  probable 
cause  is  the  presence  of  magnetic  iron  oxide,  either  a  constituent  of 
the  clay  or  formed  by  heat. 
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NOTE. 

^  Robert  Wilhelm  Bunsen, — ^By  the  death  of  Professor  Bunsen,  who 
passed  away  at  a  ripe  old  age,  in  Heidelberg,  on  the  15th  of  August, 
chemistry  and  physics  lose  one  of  the  most  gifted  men  who  ever  devoted 
his  life  to  their  advancement.  It  would  indeed  be  difficult  to  say  which 
of  these  two  sciences  owes  most  to  him. 

Bunsen  was  born  in  Gottingen  on  March  25,  181 1,  where  his  father 
was  professor  of  theology.  Born  and  brought  up  in  academic  circles,  he 
completed  his  schooling  early.  He  received  his  doctor's  degree  in  the 
University  of  his  native  city  in  1830  and  it  was  in  that  institution,  in 
1833,  that  he  began  his  career  as  privatdocent.  In  1836  he  was  ap- 
pointed to  the  professorship  of  chemistry  in  the  polytechnic  school  at 
Cassel,  and  in  1838  to  a  similar  chair  in  the  University  of  Marburg, 
which  position  he  filled  for  thirteen  years.  In  185 1  he  was  appointed 
professor  of  chemistry  at  Breslau  and  in  the  following  year  accepted  the 
chair  in  that  science  at  Heidelberg,  which  he  filled  up  to  the  time  of  his 
retirement,  after  more  than  forty  years  of  active  service. 

In  reviewing  Bunsen's  work,  one  is  struck  with  the  importance  of 
much  of  it,  considered  from  a  strictly  utilitarian  point  of  view.  His 
was,  however,  a  utilitarianism  which  never  developed  into  commercial- 
ism. No  man  was  ever  a  more  staunch  adherent  to  the  cause  of  pure 
science  than  Bunsen,  and  while  he  turned  out  one  useful  device  after  an- 
other, with  a  fertility  and  ingenuity  which  would  have  made  his  fortune, 
had  he  turned  his  attention  to  industrial  pursuits,  he  showed  not  the 
slightest  tendency  to  forsake  the  high  calling  of  a  scientific  investigator 
for  that  of  the  inventor.  So  far,  indeed,  was  his  nature  free  from  world- 
liness  that  he  was  one  of  the  few  eminent  men  of  science  in  all  Germany 
who,  during  the  rush  to  the  great  centers  during  the  early  years  of  the 
empire,  was  not  to  be  coaxed  from  his  quiet  life  in  a  small  university 
town.  In  Heidelberg,  the  scene  of  his  most  important  scientific  achieve- 
ments, he  died  as  he  had  lived,  a  simple  German  University  professor  of 
the  old  school. 

The  first  piece  of  work  published  by  Bunsen  after  his  graduation  from 
the  university,  is  characteristic  of  the  intense  interest  which  he  always 
had  in  the  practical  as  well  as  the  purely  scientific  aspects  of  a  subject.  It 
dealt  with  the  remarkable  properties  of  freshly  prepared  ferric  hydroxid 
as  an  antidote  for  arsenical  poisoning.  It  was  a  discovery  of  genuine 
importance,  for  this  material  has  since  been  the  standard  remedy  in  such 
cases,  and  has  been  the  means  of  saving  many  lives.     In  the  following 
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year,  1835,  he  began  his  well-known  experiments  upon  the  double  cya- 
nides, and  in  1837  he  laid  the  foundation  of  an  important  branch  of 
chemistry,  that  of  the  organic  compound  radicals.  His  discovery  of 
cacodyl  (C,H^As)  and  his  investigations  of  the  remarkable  properties  of 
its  highly  poisonous,  inflammable  and  explosive  compounds,  forms  one 
of  the  most  fascinating  chapters  in  the  history  of  science.  Roscoe  in  his 
account  of  the  early  work  of  Bunsen,  written  for  Nature  in  1881,  com- 
pared his  experience  in  this  exploration  to  that  of  a  traveler  **  in  an  un- 
known and  treacherous  land,  without  sign  posts  to  guide  him,  or  more 
assistance  on  his  travels  than  was  furnished  by  his  own  scientific  acumen 
and  his  unfaltering  determination.  ^*  In  the  course  of  this  work  he  had 
one  eye  blinded  by  an  explosion,  and  very  nearly  lost  his  life  by  breath- 
ing the  poisonous  vapors. 

Bunsen's  memoir  upon  this  subject  was  published  in  1837,  and  he  al- 
most immediately  turned  his  attention  to  the  investigation  of  the  gases 
given  off  by  blast  furnaces,  in  the  course  of  which  he  was  led  to  the  de- 
velopment of  the  methods  of  gas  analysis,  which  were  brought  together 
many  years  later,  in  his  famous  treatise  entitled  Gasometrische  Methoden, 
The  methods  of  manipulation  employed  in  this  work  are  those  of  the 
physicist,  and  it  is  probably  due  to  his  experience  with  them  that  Bun- 
sen  was  turned  from  the  domain  of  pure  chemistry  to  the  middle  ground  of 
chemical  physics,  in  which  he  was  one  of  the  chief  investigators  of  his  time. 

It  is  with  his  contributions  to  the  science  of  physics  that  we  have  to  do 
in  this  notice,  and  it  is  possible  in  considering  simply  this  phase  of  his 
scientific  activity  to  do  little  more  than  to  mention  the  succession  of  im- 
portant contributions  which  we  owe  to  him.  In  1841  he  invented  the 
Bunsen  battery,  in  which  carbon  was  substituted  for  the  platinum  as  the 
negative  pole  of  the  voltaic  cell.  From  1843,  when  his  last  paper  on  this 
subject  appeared,  until  1847,  was  a  period  of  quiescence.  In  the  latter 
year  he  visited  Iceland,  and  one  of  the  results  of  this  visit  was  his  theory 
of  the  geyser,  together  with  the  classical  experiments  by  means  of  which 
he  imitated,  artificially,  its  action  and  verified  his  views  of  the  phenomena. 
These  studies  were  followed  in  1854  by  the  production  of  chromium  and 
other  metals  by  electrolysis.  In  1857,  with  the  colaboration  of  Roscoe, 
he  completed  his  remarkable  photochemical  studies ;  in  the  course  of 
which  the  action  of  light  in  bringing  about  the  union  of  hydrogen  and 
chlorine,  was  exhaustively  investigated. 

About  i860  Bunson  formed  a  scientific  partnership  with  his  friend  and 
colleague,  Gustav  Kirchoff,  then  professor  of  physics  in  Heidelberg, 
which  was  to  result  in  the  most  brilliant  achievement  of  his  own  scien- 
tific career,  probably  of  the  decade.  This  was  the  application  of  the 
study  of  the  spectrum  to  chemical  analysis,  and  the  extension  of  such 
analysis  by  the  identification  of  the  black  lines  in  the  solar  spectrum 
with  the  bright  lines  found  in  the  spectra  of  metals,  to  solar  and  stellar 


Digitized  by 


Goook 


312  NOTES,  [Vol.  IX. 

atmospheres.  One  of  the  fruits  of  this  investigation  was  the  discovery 
of  caesium  and  rubidium  by  means  of  their  spectra,  a  performance  which, 
taken  by  itself,  would  have  sufficed  to  have  stamped  the  work  as  of  the 
highest  importance  to  both  physicists  and  chemists. 

The  last  really  important  work  published  by  Bunsen  is  contained  in 
his  paper  entitled  **  Calometrische  Untersuchungen  "  {Poggendorf* s  An- 
naUn^  vol.  14,  1870).  It  was  in  this  paper  that  his  well-known  ice 
calorimeter  is  described,  an  instrument  which,  in  the  hands  of  its  in- 
ventor, gave  results  of  a  degree  of  delicacy  hitherto  unattained  in  calo- 
rimetric  work,  and  made  it  possible  to  determine  with  accuracy  the 
specific  heats  of  materials  of  which  only  very  small  quantities  were 
available.  For  several  years,  indeed,  he  continued  to  contribute  to  the 
AnnaUfty  publishing  several  papers  on  spectrum  analysis,  and  exhibiting 
in  1883  a  quality  which  had  always  characterized  his  scientific  work, 
that  of  attention  to  minute  detail,  in  his  study  on  the  progressive  con- 
densation of  carbonic  acid  on  glass  surfaces.  In  the  heated  discussion 
which  followed  upon  this  subject  between  himself  and  Kayser,  Bunsen 
showed  that  he  was  still  able  to  defend  his  views  vigorously,  and  to  verify 
his  conclusions  by  experimental  work  of  the  most  delicate  and  trying 
character.  His  final  contribution,  a  paper  on  the  steam  calorimeter,  was 
published  in  the  Atmalen  in  the  year  1887. 

For  several  years  after  his  scientific  career,  lasting  nearly  forty  years, 
was  ended,  Bunsen,  continued  to  be  a  figure  on  the  streets  of  Heidel 
berg.  Gradually,  as  old  age  came  upon  him,  he  retired  more  and  more 
from  the  public  life  of  the  university  town,  where  for  half  a  century  he 
had  been  the  most  notable  character,  and  finally,  in  his  eighty-ninth 
year,  passed  peacefully  away. 

Bunsen  was  no  less  eminent  as  a  teacher  than  as  an  investigator.  A 
generation  of  chemists,  not^  only  in  Germany,  but  in  England  and 
in  America,  and  many  students  in  physics  likewise,  look  back  with  grat- 
itude to  the  days  which  they  spent  in  his  laboratory.  His  domain  was 
a  middle  ground  between  the  two  sciences.  A  chemist  by  training,  his 
greatest  contributions  to  that  science  arose  from  his  application  to  one 
field  of  research  after  another,  of  the  methods  of  physics. 

Of  the  numerous  appliances  which  our  laboratories  owe  to  his  inge- 
nuity, the  Bunsen  burner,  the  Bunsen  filtering  pump,  the  Bunsen  spec- 
troscope, the  Bunsen  photometer  and  the  Bunsen  calorimeter,  are  per- 
haps the  best  known.  These  remain  to  remind  us  that  Bunsen  was  not 
only  a  chemist  and  physicist,  but  he  had  in  him  the  essentials  of  a  suc- 
cessful inventor.  Science  owes  him  a  debt  of  gratitude  in  that  he  did 
not  yield  to  the  temptation  to  enter  upon  purely  an  industrial  field,  but 
gave  himself,  from  the  beginning  of  his  life  to  the  end  of  it,  solely  to 
her  service. 

E.  L.  N. 


Digitized  by 


GoogI( 


^o.  5.]  A'E^V  BOOKS.  313 


NEW   BOOKS. 

A  Text-book  of  General  Physics,     By  Charles  S.  Hastings  and 

Frederick  E.  Beach.     Pp.  viii  +  768.     Boston,    Ginn  &  Company, 

1899. 

The  evolution  of  the  modern  text-book  of  physics  has  been  a  rapid  one. 

Thirty  years  ago  we  were  still  under  the  influence  of  the  age  of  the 
discoverer  and  pioneer,  the  age  of  Davy  and  Faraday  and  Henry.  Nat- 
ural philosophy,  to  use  the  good  old  name,  was  still  a  wonderland  to  be 
exploited,  and  its  attitude  toward  nature  was  still  mainly  descriptive. 
Phenomena  were  the  principal  thing,  and  the  theoretical  thread  connect- 
ing them,  in  the  elementary  text-book,  was  but  slender.  For  the  general 
student,  the  great  structures  of  modem  physical  theory  still  lay  concealed 
in  the  mathematical  formulae  of  their  first  expositors.  The  order  of 
treatment,  as  was  natural,  was  historical,  rather  than  logically  progressive. 

The  introduction  of  laboratory  methods,  the  spread  of  mathematical 
physics,  the  growth  of  the  elective  system  in  colleges,  and  the  rise  of  the 
graduate  schools  made  demands  on  elementary  instruction  that  the  text- 
books of  the  day  could  not  supply.  The  laboratory  demanded  quanti- 
tative statements  of  relations,  which  could  be  tested  by  experiment.  The 
advanced  courses  required  a  logical  introduction,  a  firm  grasp  of  defi- 
nitions, a  compendium,  in  short,  of  the  elements  on  which  physical 
theory  is  founded. 

Thus  mechanics,  which  thirty  years  ago  was  by  many  teachers  of 
physics  hardly  touched  upon  in  the  college  course,  now  underlies  every- 
thing, and  the  aim  even  in  the  elementary  tett-book  has  become,  not  the 
description  of  phenomena,  but  the  application  of  mechanical  principles 
in  all  branches  of  the  science.  Meanwhile  the  enormous  growth  of  the 
whole  subject  makes  it  necessary  to  narrow  still  more  the  range  of  phe- 
nomena described,  so  that  elementary  physics,  in  many  modem  text- 
books, has  come  to  be  treated  entirely  as  a  discipline,  the  chief  aim  of 
which  is  to  train  for  the  more  advanced  courses. 

The  progress  in  the  treatment  of  the  subject  has  been  great,  yet  not 
without  loss.  The  text -books  of  the  day  have  become  abstract,  general 
and,  in  some  cases,  to  the  ordinary  student,  dry.  The  deductive  side  of 
phjrsics  has  crowded  out  the  experimental  and  the  phenomenal,  which 
really  are  the  foundations.  These  remain,  of  course,  in  the  laboratory, 
but  the  subjects  which  can  be  there  introduced  are  few  and  simple. 

For  these  reasons  a  book  like  the  present  one,  which  has  to  some  ex- 
tent the  characteristics  of  the  older  type,  or  represents,  as  perhaps  we 
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should  rather  say  a  return  of  the  pendulum  which  had  swung  too  fSur,  is 
to  be  welcomed.  It  is  however  not  reactionary,  but  distinctly  modem 
in  its  attitude.  Theoretical  discussion  holds  the  first  place,  and  is  in  fact 
in  some  cases  carried  to  such  detail  as  to  be  of  questionable  value  in  a 
general  text-book.  Descriptions  of  apparatus  and  phenomena  are  intro- 
duced chiefly  for  the  illustration  and  application  of  theoretical  principles. 
Mechanics  is  very  fully  treated,  as  the  authors  themselves  remark,  as  the 
foundation  of  the  whole  science,  and  fully  illustrated. 

The  discussion  of  circular  motion  affords  an  excellent  illustration  of 
the  method  of  the  book. 

After  an  extended  and  rather  fresh  discussion  leading  to  the  usual 
equations,  no  less  than  fifteen  different  applications  of  the  principle  are 
taken  up  in  detail  including  the  conical  pendulum,  both  in  its  simple 
form,  and  that  more  commonly  used  in  chronographs  and  driving  clocks, 
such  machines  as  the  centrifugual  dryer  and  the  cream  separator,  the 
gyroscope  in  two  forms,  and  a  variety  of  meteorological  and  astronomical 
problems  depending  on  the  rotation  of  the  earth.  Not  only  is  the  appli- 
cation of  the  principle  in  various  ways  thus  clearly  shown,  but  its  impor- 
tance in  Nature  is  emphasized.  The  use  of  similar  methods  throughout 
the  book  leads  to  long  discussions  on  special  topics.  These  are  always 
topics  which  by  their  intrinsic  interest,  and  their  wide  applications  to 
natural  phenomena  offer  themselves  easily  to  such  treatment.  Thus  sur- 
face tension,  the  theory  of  solutions,  the  kinetic  theory  of  gases,  thermo- 
dynamics, wave-motion,  are  treated  at  unusual  length  and  in  a  highly  in- 
teresting manner. 

The  treatment  of  acoustics,  following  the  chapter  on  wave-motion,  is 
excellent,  especially  in  its  relations  to  music  and  musical  instruments. 

The  chapters  on  electricity  are  less  satisfactory.  Many  fundamental 
propositions  are  assumed  without  proof  (as  potential  at  a  point,  magnetic 
induction,  hysteresis,  the  equivalence  of  a  circuit  and  a  magnetic  shell) 
and  so  much  ground  is  covered,  so  many  subjects  briefly  touched,  that 
the  general  impression  is  of  confusion  and  overcrowding  of  material,  and 
lack  of  assimilation  of  the  parts.  Some  discussions  would  be  practically 
unintelligible  to  a  student  from  lack  of  previous  definition  of  terms,  as, 
for  example,  the  introduction  of  "  Faraday  tubes"  on  page  510. 

The  subject  of  optics,  on  the  other  hand,  is  admirably  handled,  the 
portion  on  optical  instruments  especially  so.  The  **  wave-front  "  method 
of  discussion  is  adopted  from  the  beginning  and  is  applied  to  the  ordinary 
problems  of  reflection  and  refraction  in  a  concise  and  elegant  manner. 
There  is  a  welcome  chapter  on  the  optical  phenomena  of  the  atmosphere, 
a  subject  too  frequently  ignored  in  text-books.  The  section  on  color- 
vision  is  clear  and  careful,  though  it  must  be  said  that  the  Young-Helm- 
holtz  theory  cannot  be  trusted  even  to  the  extent  to  which  the  authors 
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cany  it  to  explain  the  phenomena  of  color-vision,  and  the  insufficiencies 
pointed  out  by  them  are  by  no  means  the  only  ones. 

The  method  of  the  book  requires  space,  and  the  amount  of  material  is 
considerably  greater  than  in  most  of  the  more  modem  class-books,  though 
not  approaching  the  encyclopaedic  dimensions  of  some  of  the  older 
treatises.  The  illustrations  in  the  text  are  supplemented  by  a  large 
number  of  well-selected  problems  at  the  end  of  each  chapter. 

The  mechanical  execution  of  the  work  is  excellent,  and  but  few  slips, 
either  of  printing  or  in  statement,  have  been  noted.  The  book  is  a  valu- 
able addition  to  the  college  text-books  now  available. 

Frank  P.  Whitman. 

Practical  Physics,     By  William  Watson,    pp.  xvi-f238.     London- 
and  New  York,  Longmans,  Green  &  Co.,  1896. 

This  useful  little  laboratory  manual  contains  one  hundred  and  ninety- 
three  exercises  for  experiments  in  elementary  physics.  These  are  nearly 
all  quantitative  in  character,  and  are  designed  to  be  carried  out  with  the 
use  of  simple  forms  of  apparatus.  There  are  thirty-one  experiments  in 
simple  mensuration,  including  the  measurements  of  lines  and  of  surfaces 
and  of  mass,  volume  and  density.  Hydrostatics  and  exercises  upon  the 
properties  of  gases  precede  the  work  upon  mechanics  of  solids,  which  is 
an  unusual  arrangement  of  subjects.  A  short  but  very  good  section  upon 
the  geometrical  representation  of  varying  quantities  deals  with  the  use  of 
cross  section  paper  in  the  plotting  of  curves.  The  selection  of  material 
is  almost  always  excellent. 

The  relation  of  the  metric  system  to  British  measures  is  dealt  with  at 
the  beginning  of  the  volume  and  thereafter  the  metric  system  is  used  with 
a  fair  degree  of  consistency  throughout.  It  is  to  be  noted,  however, 
as  in  many  works  written  by  those  who  have  been  brought  up  to  the 
use  of  British  measures,  that  these  are  employed  in  many  instances  in 
the  description  of  apparatus.  An  example  of  this  occurs  in  Exercise  78, 
entitled  "  Motion  on  an  Inclined  Plane,*'  which  reads  as  follows :  **  Ap- 
paraius  :  Smooth  boards  about  6  feet  long^  and  6  or  8  inches  wide  ;  a  long 
wedge  about  j  inches  thick  at  the  wide  end;  ....  Place  the  wedge  under 
one  end  of  the  board  so  that  this  end  is  about  one  inch  higher  than  the  other. 
At  about  two  inches  from  the  higher  end,  draw  a  line  across  the  board  at 
right  angles  to  the  length ,  etc^  In  making  measurements  with  this  appa- 
ratus, however,  centimeters  are  again  employed.  It  is  obvious  that  the 
author,  like  many  other  working  physicists,  still  does  his  thinking  in 
terms  of  the  British  units  and  that  the  use  of  the  metric  system  is  an  arti- 
ficial matter  with  him.  It  will  continue  to  be  so  with  students  and 
teachers  unless  the  writers  of  manuals  and  the  directors  of  laboratories 
make  it  a  practice  to  deal  in  the  metric  system  to  the  rigorous  exclusion 
of  all  others.  E.  L.  N. 
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Harper^ s  Scientific  Memoirs:  The  Laws  of  Gases,  Memoir  by 
Robert  Boyle  and  E.  H.  Amagat.  Translated  and  edited  by  Carl 
Barus. 

The  Second  Law  of  Thermodynamics,  Memoirs  by  Carnot,  Clau- 
sius  and  Thomson.     Translated  and  edited  by  W.  F.  Magie. 

Tlie  Fundamental  Laws  of  Electrolytic  Conduction.  Memoirs  by 
HiTTORF  and  F.  Kohlrausch.  Translated  and  edited  by  H.  M. 
Goodwin.     New  York,  1899. 

No  more  fortunate  selection  could  have  been  made  for  the  fourth  vol- 
ume of  this  series  than  the  translation  of  Amagat' s  celebrated  papers  on  the 
Compressibility  of  Gases  at  High  Pressure  for  as  the  translator,  Profes- 
sor Carl  Barus,  says  in  his  terse  but  pointed  preface,  everybody  cannot  so 
easily  get  these  papers  into  his  possession. 

Amagat' s  memoirs  belong  to  the  class  of  scientific  literature  which  one 
would  like  to  have  at  his  elbow,  and  the  scientific  men  of  America  are 
indebted  to  Professor  Barus  for  making  this  possible. 

One  cannot  say  as  much  for  the  materials  contained  in  the  volume  on 
the  **  Second  Law  of  Thermodynamics.*'  Since  an  excellent  American 
translation  of  Sadi  Carnot's  Memoir  on  the  Motive  Power  of  Heat  has 
recently  been  published,  and  since  Kelvin's  paper  on  the  Dynamical 
Theory  has  likewise  been  rescued  from  its  hiding  place  in  the  transac- 
tions of  the  Royal  Society  of  Edinburgh,  and  has  been  incorporated  in 
volume  I.  of  his  Mathematical  and  Physical  Papers,  there  would  seem  to 
be  little  occasion  for  the  reprinting  of  either.  As  to  the  celebrated 
paper  by  Clausius,  which  is  inserted  between  the  translation  of  Carnot, 
and  the  reprint  of  Kelvin  in  this  volume,  that  likewise  can  be  regarded 
as  reasonably  accessible  to  the  student  of  physics.  It  appeared  in  the 
Berlin  Academy,  February,  1850,  was  reprinted  in  Poggendorffs  Anna- 
len  of  that  year,  volume  79,  was  translated  in  the  Philosophical  Magazine, 
fourth  series,  volume  II. ,  subsequently  formed  the  first  chapter  of  Clau- 
sius' Theory  of  Heat,  1864,  was  for  the  second  time  converted  into  Eng- 
lish in  the  translation  of  that  work  by  Hirst  in  1867,  and  in  1898  it  re- 
appeared, with  notes  by  Max  Planck  as  volume  99  of  the  Ostwald's 
Klassiker,  No  one  questions  the  interest  and  importance  of  this  paper, 
nor  of  the  others  which  have  been  gathered  together  with  it  to  form  this 
volume  of  the  scientific  memoirs.  It  is  unquestionably  a  useful  thing  to 
gather  three  related  treatises  from  different  sources  together  within  the 
same  covers.  Still  less  would  any  critic  be  inclined  to  object  to  any- 
thing which  might  lead  to  a  wider  dissemination  of  such  literature  ;  but 
are  there  not  very  many  papers  as  important  and  as  closely  related  to  one 
another  as  these,  which  are  inaccessible,  and  which  might  with  still 
greater  service  to  the  scientific  public  be  grouped  together? 
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The  third  of  the  reprints  under  consideration  is  not  open  to  the  above 
objections.  In  culling  from  Faraday's  Experimental  Researches  those 
sections  which  deal  with  electrolysis,  and  arranging  them  so  as  to  form  a 
straightforward  and  consistent  treatise,  Professor  Goodwin  has  done  the 
scientific  public  a  real  service.  Faraday's  paper  on  "Electrochemical  De- 
com[>osition* '  forms  a  fitting  introduction  to  the  volume,  and  the  transla- 
tion of  Hittorfs  papers,  which  in  spite  of  their  great  significance  are 
less  widely  known  than  they  ought  to  be,  forms  a  fitting  appendix  to 
Faraday's  work.  The  volume  ends  with  a  translation  of  Kohlrausch's- 
brief  paper  on  "Conductivity  of  Electrolytes  Dissolved  in  Water,"  in  rela- 
tion to  the  migration  of  their  components. 

E.  L.  N. 
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PART   I. 
Introduction. 

THE  advance  of  science  is  not  a  continuous  sequence  of  suc- 
cesses, with,  day  by  day,  verifying  experiment  hot  following 
brilliant  theory  and  completer  theory  ad  vented  by  suggestive  ex- 
periment.   Here  and  there  in  the  field  are  positions  where  the  pause 
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seems  absolute  and  where  the  expert  of  a  single  tool,  after  a  lifetime 
of  unsuccessful  toil,  may  dejectedly  believe  the  years  to  have  passed 
in  profitless  endeavor. 

Yet  the  work  is  not  wasted,  it  is  only  that  what  was  looked  for 
to  appear  as  kinetic  is  stored  as  potential ;  in  due  time  this  will  take 
the  desired  form,  and  add  mightily  to  the  velocity  of  the  advance. 
The  forging  of  new  weapons  of  attack,  the  running  of  parallels,  the 
exact  determination  of  the  difficulties  to  be  overcome,  are  a  part  of 
the  advance  as  much  as  is  the  actual  motion  over  the  field,  and  in 
the  end  cause  no  delay. 

When  Maxwell  wrote  the  last  word  of  his  electromagnetic  theory 
he  had  reached  a  point  beyond  which  we  have  yet  to  pass.  His 
theory  has  been  confirmed  by  the  experiments  of  Rowland,  Lodge 
and  Hertz  ;  it  has  been  broadened  and  generalized  by  the  masterful 
and  masterly  labors  of  Heavyside ;  it  has  been  elucidated  by  the 
acute  and  penetrating  analysis  of  Poincare ;  Helmholtz,  Fitzgerald 
and  other  of  the  great  physicists  have  aided  in  its  development,  and 
yet  we  have  made  no  marked  advance  as  regards  our  knowledge  of 
the  nature  of  the  electric  and  magnetic  quantities. 

And  this  is  the  more  remarkable  when  we  consider  the  great 
number  of  striking  discoveries  which  have  been  made  since  then. 
Even  in  the  direction  considered  by  Faraday  as  perhaps  the  most 
promising  point  of  attack,  that  is  the  behavior  of  vacuum  tubes,  the 
magnificent  results  obtained  by  Crookes,  Thomson,  Lenard  and 
Rontgen  are  as  yet  not  capable  of  being  utilized  for  our  purpose. 

There  has  been  no  lack  of  growth  of  increase  of  mathematical 
power.  Our  knowledge  of  vortex  motion,  for  instance,  has  been 
brought,  by  the  papers  of  Thomson,  Kelvin,  Fitzgerald  and  Hicks, 
to  a  point  which  but  a  few  years  ago  could  hardly  have  been  hoped 
for.  In  addition,  the  genius  of  Heavyside  has  placed  at  our  dis- 
posal an  engine  of  surpassing  strength  for  physical  work,  though 
perhaps  at  present  there  will  be  more  of  us  to  respectfully  admire 
it  than  to  attempt  to  use  it. 

It  will  be  of  interest  to  briefly  review  the  present  status. 

We  can  conceive  of  the  action  of  one  quantity  of  electricity  ui>on 
another  quantity  of  electricity,  of  one  quantity  of  magnetism  upon 
another  quantity  of  magnetism,  of  a  moving  quantity  of  electricity 
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upon  a  quantity  of  magnetism,  and  of  the  motion  of  an  electro- 
magnetic wave,  as  taking  place  in  the  free  .ether,  in  space  entirely 
devoid  of  matter.  Under  these  circumstances  we  have  no  lack  of 
perfectly  satisfactory  theories.  The  emission  theory,  the  elastic 
solid  theory,  the  rotational -elasticity  theory,  all  these  give  com- 
plete solutions.  It  is  only  when  we  come  to  consider  the  effect  of 
matter  that  we  meet  with  any  difficulty. 

Corresponding  to  the  particular  theory  which  we  may  choose  to 
adopt,  we  have  to  assume  a  theory  of  the  constitution  of  matter,  and 
no  theory  has  as  yet  been  proposed  which  does  not  break  down  at 
one  or  more  points. 

The  theories  may  be  divided  into  two  great  classes,  those  which 
make  the  virtual  density  of  the  ether  the  same  in  all  media,  which 
is  equivalent  to  making  the  magnetic  permeability  the  density  of  the 
ether,  and  those  which  make  the  virtual  elasticity  of  the  ether  the 
same  in  all  media,  which  is  equivalent  to  making  the  specific  induc- 
tive capacity  the  density  of  the  ether. 

In  the  first  of  these  classes  are  the  theories  of  Fresnel,  Kelvin 
and  Fitzgerald.^  In  the  second  class  are  the  theories  of  Neumann, 
MacCullagh  and  Larmor.  Several  theories  of  each  class  have  been 
treated  of  with  great  power  by  Heavyside  in  his  Electro-Magnetic 
Theory. 

The  point  where  it  is  generally  conceded  the  theories  of  the  first 
type  break  down,  is  in  satisfying  the  conditions  of  continuity  at  the 
interface  of  different  media.* 

The  second  type  of  theories  escapes,  as  Larmor  has  shown,  from 
this  difficulty.  But  Heavyside  has  pointed  out,  in  the  case  of  some  of 
the  theories  of  this  class,  that  a  new  difficulty  arises,  m  that  the  form 
of  the  equation  expressing  the  loss  of  energy  in  a  conductor  due  to 
its  resistance  is  incompatible  with  experiment.  And  this  defect,  it 
seems  to  me,  must  exist  in  all  theories  of  this  class,  including  the 
one  so  admirably  developed  by  Larmor. 

>On  a  Hydro- Djrnamic  Hypothesis  as  to  Electro-Magnetic  Action,  Proc.  Roy.  Dublin 
Soc.,  March  25,  1899. 

*  In  this  connection  it  may  be  asked  if  in  the  case  of  iron  the  outermost  layers  of 
atoms  are  magnetic  (Ewing's  experiments  on  joints  seem  to  show  that  they  are  not), 
and  if  it  may  not  possibly  be  found  that  there  is  an  absorption  of  light  on  reflection  from 
a  magnetized  pole  piece  which  is  a  function  of  the  rotation  impressed. 
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There  is  thus  apparently  nothing  to  choose  between  the  two 
classes  of  theories.  Each  class  seems  capable,  by  proper  develop- 
ment where  this  has  not  already  been  done,  of  expressing  practically 
all  of  our  experimental  facts,  and  each  breaks  down  at  one  single 
point.  ^ 

There  is  no  obvious  reason  why  the  theories  should  have  been 
restricted  to  these  two  classes,  for  whilst,  as  Maxwell  pointed  out, 
the  ether  certainly  has  inertia,  it  does  not  follow  that  either  perme- 
ability or  capacity  is  its  density.  The  fact  remains,  however,  that 
theories  of  these  two  types  are  the  only  ones  which  have  given  even 
approximately  satisfactory  results,  and  it  will  later  be  shown  why 
this  must  be  so. 

The  problem  divides  itself  into  two  parts,  the  nature  of  the  quan- 
tities involved,  and  their  configuration.  Of  both  of  these  we  are 
entirely  ignorant.  A  knowledge  of  the  former  means  a  full  so- 
lution of  the  problem  of  the  nature  of  electricity  and  magnetism, 
in  the  same  sense,  in  which  we  say  that  we  know  the  nature  of 
sound  when  we  have  discovered  that  it  is  produced  by  waves  in  a 
medium.* 

Knowing  the  nature  of  the  electric  and  magnetic  quantities,  there 
is  a  choice  of  suitable  configurations,  any  one  of  which  will  be  en- 
tirely satisfactory.  Since,  however,  the  true  configuration  must 
also  account  for  gravitation  and  inertia,  it  would  be  futile  to  develop 
the  theory  to  any  extent  in  connection  with  a  configuration  which 
did  not  at  the  same  time  give  promise  of  results  in  this  direction 
also. 

In  the  present  paper  the  nature  of  the  electric  and  magnetic 
quantities  will  be  determined,  and  a  configuration  will  be  indicated 
which  may  serve  us  for  the  present.^ 

*  It  is  possible  that  each  of  the  perfected  theories  of  each  type  may  represent  an  actual 
material  universe,  the  two  universes  possibly  interpenetrating  each  other.  We,  for  the 
present  at  least,  are  concerned  with  but  one,  and  which  one  has  not  yet  been  shown. 

'  We  have  of  course  no  idea  what  a  wave  is  ;  we  figure  it  as  motion  in  a  certain  way, 
but  the  ultimate  motion  may  be  something  entirely  different ;  it  may,  for  instance,  be  some 
complicated  form  of  rotary  motion. 

*The  determination  of  a  configuration  which  will  explain,  in  addition,  the  nature  of 
gravity,  must  be  left  to  the  future,  as  there  appears  to  be  at  least  two  possible  solutions 
and  an  additional  independent  physical  relation  must  be  discovered  before  we  can  say 
with  certainty  which  is  correct. 
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It  will  be  shown  that  the  number  of  electric  and  magnetic  rela- 
tions which  can  be  expressed  in  terms  of  the  electric,  magnetic  and 
mechanical  quantities/  is  not  sufficient  for  a  solution.  There  are 
four  unknown  quantities  and  but  three  independent  phenomena. 
Hence  some  new  relation  must  first  be  discovered. 

This,  it  will  be  shown,  is  a  relation  between  the  magnetizing 
force,  H  and  the  magnetization,  /,  expressed  by  the  formula 

dl  P 

or,  expressed  in  words,  "  For  all  magnetic  substances,  the  rate  of 
variation  of  magnetization  with  magnetizing  force  is  proportional  to 
the  square  of  the  magnetic  susceptibility."' 

It  is  shown  that  this  leads  to  a  solution,  which  is  confirmed  by 
additional  evidence  in  the  shape  of  other  new  relations.  From  one 
of  the  latter,  data  are  obtained  from  which  a  determination  of  the 
density  and  elasticity  of  the  ether  is  made. 

It  thus  happens  that,  exactly  a  century  after  the  discovery  of 
Volta,  we  are  permitted  a  knowledge  of  the  nature  of  the  electric 
current.* 

Dimensional  Formula  and  Qualitative  Mathematics, 

Fourier's  statement  *  with  respect  to  dimensions  is  :  "It  must 
now  be  remarked  that  every  undetermined  magnitude  or  constant 
has  one  dimension  proper  to  itself  and  that  the  terms  of  one  and 
the  same  equation  could  not  be  compared  if  they  had  not  the  same 
exponent  of  dimensions.  This  consideration  ♦  ♦  ♦  is  derived  from 
primary  notions  on  quantities,  for  which  reason,  in  geometry  and 
mechanics,  and  is  the  equivalent  of  the  fundamental  lemmae  which 
the  Greeks  have  left  us  without  proof." 

1  By  mechanical  quantities  is  meant  quantities  which  are  known  functions  of  length, 
mass,  and  time,  only. 

'Or  translated  into  the  elastic  problem,  it  behaves  like  rubber.  See  Molecular 
Physics,  Franklin  Inst.  Proc.,  Feb.,  1897. 

'This  paper  was  completed  in  July,  1 898,  but  has  been  held  for  consideration  until 
now.  It  originally  contained  a  section  on  the  methods  of  employing  qualitative  mathe- 
matics for  the  discovery  of  new  phenomena,  and  the  working  of  physical  problems.  On 
consideration  this  has  been  omitted  as  not  being  in  a  suflficiently  developed  state. 

*  Theory  of  Heat :  Freeman's  translation,  p.  128. 
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Dimensional  formulae  were  used  extensively  by  Maxwell,  who 
says  :  *  "  When  a  given  unit  varies  as  the  »th  power  of  these  (three 
fundamental)  units,  it  is  said  to  be  of  the  ;;th  dimensions  as  regards 
that  unit."  **  In  all  dynamical  sciences  it  is  possible  to  define  these 
units  (of  different  kinds  of  quantities  to  be  measured)  in  terms  of  the 
three  fundamental  units  of  length,  mass  and  time.** 

In  several  instances,  however,  for  example  in  treating  of  viscosity,* 
he  suppresses  one  of  the  dimensions.  In  the  case  instanced  he 
finds,  after  so  doing,  that  the  dimensions  of  viscosity,  measured  in  the 
kinematic  way,  are  DjTy  whilst  he  has  previously  shown  that  meas- 
ured according  to  the  dynamic  method  its  dimensions  are  MjLT, 
The  former  dimensions  are  arrived  at  by  taking  the  unit  of  mass  as 
the  mass  of  unit  volume  of  the  substance  considered. 

This  suppression  of  one  or  more  of  the  fundamental  dimensions 
in  the  formula  for  a  quantity  seems  to  me  to  be,  whilst  no  doubt 
perfectly  legitimate,  (since  we  have  a  right  to  make  what  rules  we 
find  convenient,  provided  we  are  consistent  in  our  use  of  them),  a 
considerable  departure  from  what  I  take  to  be  Fourier's  idea.  For 
if  we  suppress  dimensions,  then,  instead,  of  Fourier's  "  one  dimen- 
sion proper  to  itself,"  a  physical  quantity  may  have  an  infinite  num- 
ber of  dimensional  formulae,  the  one  we  use  depending  upon  which 
units  we  choose  and  which  of  those  chosen  we  suppress. 

We  find  numerous  instances  of  this  dropping  of  dimensions  else- 
where. For  example,  in  Everett's  book  on  C.  G.  S.  units  we  have 
the  following  equation,* 

Whatever  Fourier's  conception  really  was,  at  the  present  time 
dimensions  are  generally  treated  as  being  merely  an  affair  of  units, 
any  particular  dimensions  appearing  or  disappearing  as  we  vary  the 
units  with  which  we  work.  It  is  evident  that  such  a  system,  in 
which  the  formula  for  any  particular  quantity  may  be  varied  at 
pleasure,  can  be  of  little  use  as  a  method  of  mathematical  investiga- 
tion, and  some  of  our  most  able  mathematical  physicists  have  ex- 
pressed an  opinion  to  that  effect. 

»  Elect,  and  Mag.,  Vol.  I.,  p.  2. 

*  Theory  of  Heat,  p.  299. 

•  C.  G.  S.  System  of  Units,  p.  73. 
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J.  J.  Thomson  says,^  "It  may  be  well  to  state  at  the  outset  that 
the  dimensions  of  the  electrical  quantities  are  a  matter  of  definition 
and  depend  entirely  upon  the  system  which  we  adopt**  Also,  "  A 
theory  of  dimensions  cannot  tell  us  what  electricity  is  ;  its  object  is 
merely  to  enable  us  to  find  the  change  in  the  numerical  measure  of 
a  given  charge  of  electricity  or  any  other  electrical  quantity,  when 
the  units  of  length,  mass  and  time  are  changed  in  any  determinate 
way.'* 

Webster  is  equally  definite.  To  quote  *:  "  The  absolute  dimen- 
sions of  either  factor  are  arbitrary.  Attempts  have  been  made  to 
settle  the  real  dimensions  of  tl  and  //,  but  they  are  evidently  based 
upon  misconceptions  of  the  theory  of  dimensions.*' 

The  weight  of  authority  is  very  greatly  in  support  of  the  defini- 
tion of  dimensions  as  merely  arbitrary  formulae,  expressing  the 
relation  between  certain  quantities  and  the  units  we  chose  to  work 
with. 

There  is,  however,  a  branch  of  mathematics  of  great  power  and 
capable  of  extensive  and  important  application  in  physics,  more  es- 
pecially as  a  means  of  discovering  new  phenomena,  in  which  the 
formula  assigned  to  any  quantity  represents  its  ultimate  nature,  what- 
ever that  may  be.  Of  course,  this  does  not  imply  that  we  know  what 
its  ultimate  nature  is,  but  this  does  not  invalidate  results  obtained  by 
its  means.  MD  is  motion  of  inertia,  no  matter  what  M  is  ultimately, 
and  nothing  which  we  may  find  out  about  mass  can  change  this 
fact.  Mtrny  contain  three  or  four  factors,  but,  still,  the  product  of 
these  factors,  which  we  represent  by  Af,  will  when  multiplied  by  Z* 
continue  to  represent  moment  of  inertia. 

In  view  of  the  opinions  and  definitions  of  the  eminent  naturalists 
quoted  above  as  to  the  meaning  of  the  term  dimensions  it  would  be 
improper  for  me  to  apply  that  term  in  any  other  sense.  I  shall 
therefore  call  the  formula  expressing  the  ultimate  nature  of  a  quan- 
tity its  '*  quality,'*  and  this  branch  of  mathematics  "  qualitative 
mathematics."  This  term  seems  suitable,  for  the  method  is  used  to 
make  deductions  with  reference  to  the  qualities  of  a  physical  entity, 
as  distinguished  from  other  branches  which  concern  themselves  with 

1  Elements  of  Elect,  and  Mag.,  p.  447. 
•Theory  of  Elect,  and  Mag.,  p.  418. 
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quantity  or  direction.  The  term  has  a  precedent  in  science,  for  we 
speak  of  quantitative  and  qualitative  chemical  analysis. 

The  difference  between  the  dimensional  formula  and  the  qualita- 
tive formula  or  quality  of  a  thing  is  that,  according  to  the  definition 
of  the  writers  quoted  above,  the  dimetisions  '*  are  arbitrary,"  are 
*'  merely  a  matter  of  definition  and  depend  entirely  upon  the  system 
of  units  we  adopt,**  whilst  the  quality  is  an  expression  of  the  abso- 
lute nature  and  never  varies,  no  matter  what  system  of  units  we 
adopt.     For  this  to  be  true,  no  qualities  must  be  suppressed.* 

All  the  phenomena  of  physics  with  which  we  are  acquainted  deal 
with  the  following  quantities  only  :  * 


Name. 

Symbol 

I.  Quantity  of  gravity, 

G 

2.  Quantity  of  electricity, 

Q 

3.  Quantity  of  magnetism. 

P 

4.  Graviutional  coefficient. 

y 

5.  Specific  inductive  capacity, 

K 

6.  Magnetic  permeability, 

f* 

7.  Mass, 

M 

•                 8.  Length, 

i. 

9.  Time, 

, 

T 

The  defining  equations  being 

G^      (2»_ 

pi 

ML? 

r  ^  X  ~ 

T 

=   ji- 

Any  physical  phenomena  as,  for  instance  the  vibration  of  a 
stretched  string,  may  be  concerned  with  all  these  quantities,  for  it 
may  be  so  long  and  heavy  that  gravitational  force  may  be  appre- 
ciable, it  may  have  an  electric  charge  on  it,  and  it  may  be  magne- 
tized and  vibrating  in  a  medium  of  a  given  permeability  and  specific 

1  As  an  example  of  the  difference  between  dimensional  and  qualitative  formula  we 
may  take  the  result  above  referred  to  as  contained  in  Everett's  C.  G.  S.  Units,  p.  73.  It  is 
there  shown  that  by  taking  the  unit  of  mass  as  that  which  produces  unit  acceleration  at 
unit  distance,  the  dimensions  of  mass  become  Af=  L^jT*.  It  is  evident  that  so  soon  as 
we  attempt  to  use  these  dimensions  in  other  than  gravitational  problems  we  must  get  in- 
correct results  owing  to  the  limitations  we  have  placed  upon  ourselves.  In  the  qualitative 
system,  however,  Af  is  always  Af,  if  we  take  Afasu.  fundamental  unit,  and  if  we  take 
any  other  unit  Af  is  always  represented  by  terms  which  are  equal  to  Af,  so  that  no  matter 
what  branch  of  physics  we  work  in  we  always  use  the  same  formula. 

'  This  statement  is  as  incapable  of  proof,  and  for  the  same  reasons,  as  the  statement 
embodying  the  law  of  the  conservation  of  energy. 
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inductive  capacity.  If  these  quantities  were  not  all  expressible  in 
terms  of  one  or  more  of  three  fundamental  quantities  we  should 
need,  therefore,  no  less  than  six  distinct  experiments  to  completely 
define  each  phenomenon.  As  it  is,  however,  we  need  but  three. 
From  this  also  it  follows  that,  if  the  phenomenon  can  exist  whilst 
concerning  but  three  of  the  above  eight  quantities,  the  effect  of  the 
introduction  of  the  other  quantities  is  merely  to  add  terms  of  the 
same  quality  as  the  original  one.^ 

As  an  example,  let  us  take  a  bead  on  a  string.  Its  time  of 
vibration  depends  upon,  amongst  other  things,  its  mass.  If  it  is 
charged  the  effective  mass  is  increased,  as  is  shown  by  J.  J.  Thom- 
son (Application  of  Dynamics  to  Physics  and  Chemistry,  p.  32), 
by  an  amount  2/1 5 (// (2  V^)  (Heavy side  says  ^),  where  Q  is  the 
charge,  a  the  radius  of  the  sphere,  and  //  the  permeability  of  the 
medium.  Here  fxQ^ja  has  the  dimensions  M.  If  the  pendulum 
had  a  magnetic  charge,  there  would  be  a  term  P^xja^  and  if  gravity 
had  also  to  be  taken  into  account  we  should  have  a  term  G^xfAJya. 

*  A  S3nninetrical  system  might  also  be  made  by  introducing  coefficients  analogous  to 
X  and  fi  into  the  equations  connecting  il/ and  (7,  as  was  done  by  the  writer  ( Elect.  World, 
May  x8, 1895).  Also  (as  was  done,  ibiJ. )  by  introducing  i",  the  symbol  for  energy,[and 
making  it  the  third  fundamental  unit  with  L  and  T.  For  the  present  the  above  will  be 
used. 

In  addition  to  these,  however,  we  have  terms  which  express  configuration  and  terms 
which  denote  direction  or  operations.  In  brief,  this  branch  of  mathematics  may  be 
taken  as  a  ray  precise  logic.   ^ 

As  an  example  of  a  term  depending  upon  configuration  we  may  take  the  case  of  tem- 
perature.    The  quality  of  temperature,  as  may  readily  be  shown,  is 

e  =  ML*ITK>, 
where  0  represents  the  quality  of  temperature  and  o  the  quality  of  an  atom,  temperature 
being  the  amount  of  kinetic  energy  per  atom.  It  will  thus  be  seen  that  whenever  we 
have  a  qualitative  equation  in  which  some  physical  quality  is  shown  to  depend  upon  tem- 
perature, that  quality  must  also  be  a  function  of  the  atomic  weight,  atomic  volume, 
atomic  valency  or  atomic  magnetic  moment. 

Here  the  term  atom  is  defined  as  that  configuration  upon  which  depends  the  various 
properties  which  distinguish  the  atom  from  the  surrounding  ether.  By  configuration  is 
meant  not  only  the  relative  positions,  but  also  the  relative  lengths  and  velocities  of  the 
different  parts  of  the  atom.  When  we  know  these,  however,  we  can  split  o  up  into  sepa- 
rate terms.  Even  at  present  we  can  do  this  to  some  extent.  For  instance,  from  Fara- 
da3rs*t  law  of  electrolysis  we  have  Mj  atomic  weight  =  Q\  valency.  From  which  we  get 
atomic  weight  -1-  T=  valency,  which  is  interesting  in  view  of  Hicks's  work. 


Digitized  by 


GoogI( 


lO  REGINALD   AUBREY  FESSEXDEN,  [Vol.  X. 

Previous  Work. 

Maxwell,  Kelvin  and  other  writers  have  given  dimensional  for- 
mulae for  the  electric  and  magnetic  quantities,  in  which  the  dimen- 
sions of  7L  and  n  were  suppressed.  So  far  as  I  am  aware  the  com- 
plete dimensions  or  qualities  in  terms  of  Z,  M,  7",  tl  and  /i  were  first 
given  by  Rucker,  in  the  PhilosopMcal  Magazine,  February,  1889.* 

It  is  also  pointed  out  in  the  above-mentioned  paper  that  if  the 
electric  and  magnetic  quantities  are  of  the  same  nature  as  those  met 
with  in  mechanics,  then,  since  the  ratio  of  the  dimensions  in  terms 
of  X  to  those  in  terms  of  /i  is  [a  power  of  x^,  /i*^,  L  and  T  and  the 
two  expressions  must  be  identical,  tl^  y^  must  equal  TIL,  which  is 
Maxwell's  equation. 

Lodge  has  given,  in  his  Modem  Views  of  Electricity,  p.  702, 
1889,  expressions  for  the  electric  and  magnetic  quantities  in  terms 
of  Z,  M,  Ty  X  and  /i,  and  a  further  list,  taking  /i  to  be  a  density.  He 
points  out  that  this  is  an  assumption,  and  refers  to  Fitzgerald's  sug- 
gestion that  both  X  and  fi  may  have  the  same  dimensions. 

Williams  (/%i/.  Mag,,  Sept.,  1892)  published  a  very  valuable  paper, 
in  which,  making  certain  very  natural  assumptions,  he  arrived  at 
the  result  that  there  are  but  two  possible  solutions,  either  /i  is  a  den- 
sity and  X  a  compliancy,  or  vice  versa. 

The  writer  {Electrical  World,  May  18,  1895)  showed  that  all 
the  electrical  and  magnetic  relations  which  had  been  exactly  deter- 
mined could  be  brought  undel-  three  equations.  From  this  it  was 
deduced  that,  since  there  are  four  quantities  concerned,  an  infinite 
number  of  theories  was  possible,  all  of  which  would  be  in  agreement 
with  the  above  mentioned  relations.  It  was  also  pointed  out  that 
further  experiments  must  be  made  to  obtain  a  fourth  equation. 

]oyjki\Xi  {Journal  de  Phys,,^^^\.,,  1896)  came  to  the  conclusion 
from  an  examination  of  the  manner  in  which  the  exponents  of  L,  M^ 
T,  X  and  /i  vary  when  the  electrical  and  magnetic  quantities  are 
written  in  terms  of  them,  that  //  must  be  a  density  and  x  a  compliancy. 

There  are  considerable  gaps  in  the  reasoning  by  which  this  result 
is  reached.      After  reducing  the  number  of  possible  theories  to 

1  Though  the  fact  that  k  and  /<  should  be  included  in  the  dimensions  of  these  quantities, 
had  previously  been  pointed  out,  as  I  learn  from  Professor  Rttcker,  by  other  physicists. 
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twelve,  the  author  remarks  that  they  are  all  impossible  with  the 
exception  of  the  one  which  makes  fi  a  density.  No  reason  is  given 
for  this  statement,  which  moreover  is  incorrect. 

The  writer  (Electrical  World,  Jan.  2,  1897)  pointed  out  that  the 
most  promising  field  of  search  for  the  fourth  equation  was  amongst 
the  following  : 

I.  Hall's  effect.  2.  Kerr's  electrostatic  effects.  3.  Fizeau's 
experiment.  4.  Magnetic  rotation  of  light  and  other  outlying  phe- 
nomena. 

It  was  also  pointed  out  that  our  knowledge  of  these  phenomena 
is  not  at  present  sufficient  to  enable  us  to  use  them  to  obtain  the 
desired  equation. 

Joubin  (Journal  de  Phys,,  Feb.,  1897),  following  the  method 
described  in  the  paper  just  referred  to,  though  apparently  without 
knowledge  of  it,  or  of  the  warning  given  as  to  the  risk  of  applying 
the  method  without  further  experiments,  by  considering  certain  for- 
mulae which  he  takes  as  representing  the  phenomena  of  thermo- 
electricity, magnetic  rotation  of  light  and  piezo-electricity,  arrives  at 
the  conclusion  that  the  result  reached  in  his  former  paper  is  correct- 
There  is  however,  little  justification  for  the  formulae  adopted  to  rep- 
resent the  phenomena  considered,  and  with  very  little  change  the 
arguments  advanced  might  be  used  to  prove  that  it  is  x  which  is  the 
density. 

Abstracts  from  Sofne  Earlier  Papers, 
In  the  Electrical  World,  May  18,  1895,  ^^e  writer  pointed  out 
that  all  the  dynamical  relations  which  have  been  accurately  formu- 
lated connecting  the  electric  and  magnetic  quantities  are  contained 
in  the  first  three  of  the  following  equations  : 

(1)  QIP=x^![i^, 

(2)  QP=  MUjT, 

(3)  x^iJL^^TIL, 

(4)  x»/;/«  =  Z. 

The  first  equation  is  obtained  from  Coulomb's  law, 

QQ'iDx^MLjT* 


Digitized  by 


GoogI( 


1  2  REGINALD  AUBREY  FESSENDEN,  [Vol.  X. 

and  the  corresponding  magnetic  formula 

PF'lDii^MLlT\ 

The  second  equation  is  from  Faraday's  law,  that  the  time  rate  of 
change  of  induction  PjT,  is  a  measure  of  the  voltage,  voltage  mul- 
tiplied by  current  giving  power,  i,  e,, 

PITx  QIT^  MD\T\ 

The  third  equation  is  obtained  from  Weber's  law,  that  a  circuit 
carrying  a  current  is  equivalent  in  its  magnetic  effect  to  a  magnetic 
shell  whose  moment  is  equal  to  the  area  enclosed  by  the  contour 
of  the  circuit,  /.  ^., 

by  substituting  for  Q\P  its  value  in  terms  of  x  and  /i,  as  given  from 
the  first  equation. 

This  third  equation  is  known  as  Maxwell's  equation. 

It  will  be  seen  that  we  have  four  unknown  quantities,  Q,  P,  x  and 
/i,  whilst  we  have  but  three  equations.  Put  x^///^  =  Z  for  a  fourth 
equation,  and  solve — we  get, 

(5)  Q^M^LZ^IT^, 

(6)  P  =  AI^LIT^Z^, 

(7)  '    =  TZjL, 

(8)  /i  =  TjLZ, 

By  giving  different  values  to  Z  we  obtain  all  possible  theories  of 
electricity,  /.  r.,  all  theories  which  do  not  conflict  with  the  known 
laws  of  electricity  and  magnetism.^ 

For  example,  let  Z=  VTjM, 

On  substituting  we  get 

P  =  M\T  H^  LIT 

X    ^LT^jM         fjL^MjD 

where  F  is  the  drop  in  electrical  potential  per  cm.  or  the  voltivity, 
and  H  is  the  drop  in  magnetic  potential  per  cm.  or  the  gilbertivity. 

1  So  far  as  the  ether  is  concerned  any  one  of  these  theories  is  sufficient.  It  is  only 
when  we  come  to  consider  matter  as  well  that  we  need  a  fourth  equation. 
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This  theory  will  probably  be  most  familiar  from  Lodge's  provis- 
ional use  of  it  in  his  Modem  Views  of  Electricity,  as  a  means  of 
giving  a  most  lucid  and  satisfactory  working  conception  of  most  of 
the  phenomena  of  electricity  and  magnetism. 

If  we  let  Z«  MjL^T  we  get  the  reciprocal  theory  to  the  above, 
I.  ^.,  that  in  which  x  is  the  density  and  fi  the  compliancy. 

A  very  considerable  number  of  theories  has  been  treated  of  by 
Heavyside  in  his  Electromagnetic  Theory,  Vol.  I.  That  on  page 
254  may  be  obtained  by  letting  Z=  MjL^T,  and  is  thus  the  reciprocal 
theory  referred  to  above,  making  x  the  density  and  /i  the  compli- 
ancy, though  this  might  not  appear  to  be  so  at  first  glance,  as  that 
titanic  mathematician  is  fond  of  using  a  special  notation.  The  other 
difficulties  which  he  refers  to  in  connection  with  this  theory,  which 
in  a  modified  form  was  first  suggested  by  Kelvin,  are  no  doubt  those 
connected  with  the  discontinuity  of  electric  force  at  an  interface. 

LetZ^ML^T,  then, 

Q  =  ML^  =  moment  of  inertia, 

P^  i/Tsa  angular  velocity. 

£—  1/7^*  =  angular  acceleration. 

(7=  ML/  T=  angular  momentum. 

/i  =  i/ML  =  reciprocal  of  moment  of  inertia. 

We  can  get  an  idea  of  the  mechanism  of  this  theory  by  considering 
the   motion  of  a  pulley  loosely  fixed  on  a   revolving  shaft. 

LetZ=  T^M,  then 

X  =  riML,  (I  =  j//ir. 

This  theory  makes  the  force  with  which  an  elastic  string  is  pulled 
analogous  to  quantity  of  magnetism,  the  amount  of  stretch  analogous 
to  the  gilbertance^  and  the  elasticity  of  the  string  analogous  to  the 
magnetic  permeability. 

Reduction  of  tite  Number  of  Possible  Theories, 
So  far  we  have  not  limited  the  values  of  Z  in  any  way.     It  may 
contain  any  power,  integral  or  fractional,  of  M,  L  and  71 

>  GilberUnce,  difference  of  magnetic  potential . 
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But  from  examination  of  equations  5-8  we  see  that  if  Z  does  not 
contain  M,  then  Q  and  P  cannot  be  quantities  of  the  same  nature  as 
those  met  with  in  mechanics,  but  must  be  square  roots  of  such 
quantities.  But  if  we  have  two  charged  bodies  in  space,  having 
equal  charges,  the  bodies  themselves  consisting  of  elastic  hollow  con- 
ductors, there  being  an  indefinitely  small  hole  in  one  of  them,  if  we 
let  the  other  conductor  shrink  so  that  it  can  be  introduced  into  the 
indefinitely  small  hole  in  the  other,  the  one  conductor  will  now  have 
a  double  charge.  If  these  conductors  are  by  themselves  in  space, 
it  is  difficult  to  see  why,  if  Q  were  the  square  root  of  some  dynamic 
quantity,  the  charge  should  be  twice  the  original  charge. 

The  same  reasoning  applies  to  the  supposition  that  Q  or  P  may  be 
some  other  power  than  the  first  of  one  of  the  quantities  we  meet  with 
in  mechanics,  and,  hence,  we  arrive  at  the  result  that  Q  and  P 
either  contain  M  to  the  first  power  or  else  M  is  absent.  This  makes 
Z  to  contain  M  to  the  power  +  i  or  —  i,  as  may  be  seen  from 
equation  5. 

As  regards  the  power  of  Z,  it  is  difficult,  as  Williams  has  pointed 
out,  to  understand  how  a  meaning  can  be  attached  to  powers  of  Z 
higher  than  the  third.  Z  is  a  length,  L^  is  an  area,  and  Z*  is  a  vol- 
ume, but  Z*,  in  conjunction  with  Mto  the  first  power,  is  not  at  pres- 
ent understandable.  Consequently  we  may  for  the  present  suppose 
that  Z  does  not  enter  into  the  qualities  of  Q,  P,  x  and  /i  to  a  power 
higher  than  the  third.  From  examination  of  equations  5-8  we  see 
that  this  means  that  Z  must  enter  into  Z  either  as  the  o  -f-  2  or  —  2 
power. 

But  Z  cannot  enter  into  Z  as  the  o  power,  for  since  the  capacity 
of  a  condenser  has  the  quality  xL  and  the  permeance  of  a  magnetic 
circuit  the  quality  //Z,  either  capacity  of  permeance  must  have  the 
quality  M'^V'D,  i,  c,  must  be  entirely  independent  upon  configura- 
tion. But  we  know  that  this  is  not  true,  for  by  changing  the  ratio 
of  area  to  cross  section  we  can  change  the  capacitance  or  permeance 
and  for  a  given  change  of  ratio,  the  capacity  is  modified  in  the  same 
way  no  matter  what  the  substance  or  physical  state.  Consequently 
Z  must  contain  Z  to  the  poWer  -|-  2  or  —  2. 

Again,  from  inspecting  equations  5-8  we  see  that  the  exponent 
of  M  must  have  the  opposite  sign  to  the  exponent  for  Z,  other- 


Digitized  by 


GoogI( 


No.  I.]  ELECTRIC  AND  MAGAETJC  QUANTITIES.  1 5 

wise  either  capacitance  or  permeance  will  have  the  quality  ML?IT^ 
and  either  Q  ox  P  will  have  no  dimensions,  T  having  the  index 
given  below. 

As  regards  the  exponent  of  7",  in  order  that  the  quality  of  Q  or 
P  may  not  contain  a  fractional  power  of  T,  the  index  of  T  must 
be  odd.  If  we  reject  all  powers  of  T  above  the  fourth  as  improb- 
able, then  T  must  enter  into  Z  with  the  index  +1  or  —  i .  For 
if  it  had  the  index  +  3  or  —  3,  then  either  the  time  rate  of  change 
of  current  or  of  voltage  would  be  the  fifth  differential  with  respect 
to  time  of  some  quantity.  This  may,  of  course,  be  true,  but  can 
hardly  be  considered  probable. 

As  we  do  not,  in  mechanics,  meet  with  any  quantity  in  which  the 
exponent  of  M  is  of  the  same  sign  as  the  index  of  7)  except  when 
they  are  both  zero,  we  finally  arrive  at  the  result  that  the  quantity 
of  ^  is 

or,  substituting  in  equations  7  and  8, 

either  x  is  a  density  and  [jl  a  compliancy,  or  vice  versa, 

a  result  which  is  identical  with  that  of  Williams,  though  derived  in 

a  different  manner. 

It  will  be  observed  that  in  reaching  this  result  we  have  not  as- 
sumed a  priori,  that  Q  and  P  contain  M  to  the  I  or  o  power,  but 
have  taken  the  additive  property  of  Q  and  of  P  as  our  reason  for 
considering  such  to  be  the  case.  To  the  writer  this  seems  conclu- 
sive, but  as  will  be  seen  later,  the  above  proof  is  not  at  all  essential 
to  my  reasoning,  though  it  happens  to  agree  with  it,  and  I  am  my- 
self persuaded  of  its  validity. 


PART    II. 

The  Critical  Relation, 
We  need  a  fourth  equation.  An  account  of  some  of  the  work 
done  in  past  years,  with  a  view  to  obtaining  this  equation,  is 
given  in  an  appendix.  Instead,  however,  of  examining  phenomena, 
to  see  if  they  furnish  the  required  equation,  we  may  employ  the 
converse  method,  /.  r.,  examine  what  equations  are  possible  and  see\ 
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if  there  are  in  existence  phenomena  which  fit  them.  This  is  ad- 
visable for  another  reason.  It  is  held  by  some,  to  whom  I  have 
explained  my  ideas,  that  phenomena  cannot  be  predicted  by  means 
of  qualitative  mathematics.  I  might  reply  to  this  that  the  method 
has  as  a  matter  of  fact,  been  successfully  used  for  this  purpose,  but 
for  the  present  I  prefer  to  abandon  that  ground  and  to  rest  my 
argument  on  the  fact  that,  whether  phenomena  can  or  cannot  be 
predicted  by  means  of  qualities,  yet  when  the  phenomena  are  dis- 
covered, how  or  by  what  means  it  matters  not,  the  qualities  can  be 
determined  from  them.  In  equations  1-3  we  have  relations  between 
Q  and  P,  and  x  and  //,  but  not  between  Q  ox  x  and  P  or  fi.  Now 
the  relations  between  Q  and  x  and  P  and  11  involve  P  and  Q  re- 
spectively, giving  merely  the  relations  between  the  forces,  fluxes 
and  resistances.  Consequently,  we  are  thus  naturally  led  to  look 
for  relations  between  Q  and  fi  ox  P  and  x. 

As  Q  and  fi  belong  to  different  systems,  we  must  reduce  them  to 
the  same.  This  we  do  by  noting  that  Q/T  is  the  current  and  that 
this  is  a  measure  of  the  gilbertance.  But  ;/  is  a  specific  quantity, 
consequently  we  must  take  the  gilbertance  per  unit  length,  or  the 
gilbertivity,  i.  e.,  QjLT^  H.     Similarly  P/LT^F  the  voltivity. 

We  are,  therefore,  to  look  for  a  relation  between  //  and  fi  ox  F 
and  X, 

We  may  write  F^  H,  x  and  fx  in  terms  of  M^  L,  T  and  Z,  and 
by  giving  different  values  to  Z,  see  what  relations  should  exist 
if  that  value  of  Z  were  correct.  This  was  done  and  many  relations 
were  examined,  and  the  result  was  again  reached,  by  methods  which 
I  am  not  prepared  to  defend,  that,  as  either  x  ox  (jl  must  be  a  den- 
sity. For  the  present,  assuming  that  the  previous  work  of  Williams 
and  the  writer  is  correct  and  that  Zis  either  MjDT  ox  DTjM,  we 
obtain  as  a  result,  either 

F^HT  x^MjL? 

or  F^  MjL  T^     x  =  L  T^jM 

From  this  we  arrive  at  the  conclusion, 
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Ofx  and  //,  the  one  wMch  is  a  compliancy  will  be  an  inverse  func- 
tion of  the  corresponding  force. 

This  is  our  touchstone,  this  relation.  We  know  at  once  that  the 
capacity  of  a  condensor  does  not  decrease  when  we  increase  the 
voltage  on  it,  whilst  we  know  that  the  permeance  of  a  magnetic  cir- 
cuit does  decrease  when  we  increase  the  gilbertance.  It  remains 
to  be  proven  that  the  rate  of  this  change  is  that  called  for  by  the 
equation. 

The  Variation   of  ;/  with  H, 

The  existence  of  a  relation  between  H  and  fi  has  long  been  no- 
ticed, and  a  number  of  attempts  has  been  made  to  formulate  it  ex- 
actly. Until  recently  the  most  satisfactory  formula  was  that 
proposed  by  Lamont  and  Frolich.     This  is 

illi^a  +  bH, 

This  however  is  obviously  incorrect  for  high  values  of  induction,  as 
it  makes  the  total  induction  reach  a  limit,  and  E wing's  experiments 
show  that  this  is  not  the  case.  A  satisfactory  formula  was  however 
proposed  by  Kennelly.^ 

He  divides  the  total  inductivity  B^  into  two  parts.  One  part  due 
to  the  ether  in  the  space  occupied  by  the  iron,  and  numerically 
equal  to  H  which  we  will  call  B^.  This,*  since  the  value  of  (i  for 
the  ether  maybe  taken  as  i,  can  increase  indefinitely  as  H  in- 
creases. The  other  part  of  B,  that  due  to  the  iron,  which  we  will 
denote  by  B^,  he  calls  the  ferric  inductivity.  The  ratio  between  H 
and  B^  he  calls  the  ferric  reluctivity,  and  we  will  denote  it  by  v^. 

Then,  with  these  definitions,  Kennelly's  formula  is 

V. s  ilf^fx^  fjL^^a  +  bH{j=^  numerically  i/(/i  —  i).) 

That  this  formula  is  correct  within  the  limits  of  experimental  error 
has  been  shown  by  Kennelly  himself  for  a  number  of  magnetic  ma- 
terials. 

Figures  i,  2  and  3  show  the  relation  between  v^  and  //Tor  various 
samples  of  iron,  nickel  and  cobalt.  It  will  be  seen  that  in  every  case 
the  main  part  of  the  curve  is  a  straight  line,  as  it  should  be. 

» Trans.  Am.  Inst.  E.  E.,  Oct  27,  1891. 

*  I  shmll,  to  avoid  considerable  confusion  and  the  use  of  a  large  number  of  additional 
symbols,  take  /<  and  k  as  unity  in  vacuo. 
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This  formula,  it  will  be  observed,  does  not  hold  for  the  first  part 
of  the  curve.     There  is  an  abrupt  bend  at  low  values  of  H, 


This  bend  however  is  not  an  essential  part  of  the  phenomenon ; 
it  disappears  when  the  wire  is  tapped  or  has  an  alternating  current 
passed  through  it.  It  seems  to  be  due  to  the  same  cause  as  hyster- 
esis, /.  ^.,  molecular  friction.  It  will  be  noted  that  those  materials 
for  which  the  hysteresis  has  a  high  value  show  the  bend  most  pro- 
nouncedly. 

Curve  A,  Fig.  5,  shows  the  bend  for  a  soft  iron  wire,  and  curve  B 
is  for  the  same  specimen  when  an  alternating  current  is  passed 
through  the  wire.  It  will  be  seen  that  in  the  latter  case  the  bend 
has  entirely  disappeared  and  the  curve  follows  the  formula  through- 
out its  length.     The  bend  is  therefore  merely  a  superimposed  phe- 
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nomenon.     The  experiments  from  which  these  curves  were  drawn 
are  those  of  Gerosa  and  Funzi.^ 

The  question  may,  however,  be  asked,  and  has  been  asked,  "  Is 
not  this  relation  one  peculiar  to  iron  and  the  other  strongly  magnetic 


•••U 


metals  ?  "  This  answer  is,  that  it  is  not,  but  appears  to  hold  for 
all  materials.  For  Steinmetz  has  shown,^  that  the  same  law 
holds  for  alloys  of  iron,  such  as  the  non-magnetic  10  ^  amalgam  of 
iron  for  which  the  permeability  is  as  low  as  2.  As,  however,  these 
alloys  all  had  a  strongly  magnetic  component,  the  writer  decided  to 
investigate  the  magnetic  relations  of  some  of  the  very  slightly  mag- 
netic materials.     Fortunately,  however,   in  view  of  the  great  dif- 

iRecond.   del.    Inst.  Lombardo.      See  Ewing's    "Magnetism  in   Iron  and  Other 
Metals,"  p.  319- 

« Trans.  Am.  Inst.  E.  E.,  Sept.  27,  1892. 
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ficulty  of  the  task,  it  was  discovered  that  Silow  had  published 
some  tests  made  on  a  solution  of  chloride  of  iron  ^  and  on  plot- 
ting his  results  it  was  found  that  this  substance  also  showed  the  same 
phenomenon,  /.  e,,  the  reluctivity  decreases  at  first,  but  as  //"increases 


s     a    8     9     s    8 
Fig.  4. 

still  further  the  reluctivity  increases  also.  The  subjoined  table 
gives  Silow's  results,  and  it  will  be  seen  that  they  are  of  the  same 
general  nature  as  those  obtained  for  iron  though,  possibly  on  account 
of  the  difficulties  of  the  experiment,  the  curve  is  rather  irregular.  I 
propose  to  investigate  this  subject  further. 

Plucker  also  noticed  the  same  thing  in  the  case  of  bismuth.  A 
set  of  measurements,  ranging  from  //=  i  loo  and  up  by  another  ex- 
perimenter did  not  show  the  effect,  but  the  test  should  be  made 
with  values  of  H  from  i  to  20,  as  even  in  iron  the  permeability  is 
practically  constant  when  H  is  large. 

1  Wiedemann,  Annal.,  Vol.  XI.,  1880,  p.  324. 
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Tt^U  Shewing  Variation  of  Susceptibility  with  H^for  Ferric  Chloride  Solution, 


H 

Suscepti- 
bility. 

H 

Suscepti- 
bility. 

H 

Suscepti- 
bility. 

H 

\  6.54 
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1  IS 
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0.000096 
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0.000142 
141 
131 

HI 

1 

2.40 
2.45 
3.73 
5.33 

0.000099 
104 
070 
069 

0.000065 
062 
060 
055 

As  the  relation  is  shown  to  hold  for  substances  for  which  v^  has 
such  different  values  as  0.003  Oro^X  0.004  (hard  steel),  o.l 
(iron    filings)^  0.9  (11  Jfc  iron  amalgam)  and  1000  (ferric  chloride 
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solution),  it  is  extremely  probable  that  the  law  holds  generally, 
and  that  we  are  justified  in  making  the  following  statement : 

The  relation  between  H  and  v,  is  given  for  all  substances  by  the 
formula 

v.^a  +  bH 
or,  in  a  different  form. 

>  See  Steinmetz,  ibid. 
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For  all  substances, 

dBJdH^aB^IH^ 

where,  as  will  be  seen  later,  ^  is  a  constant  connected  with  the  elas- 
tic properties  of  the  material. 

Having  shown  that  the  initial  bend  of  the  curve  can  be  removed, 
and  is  thus  merely  a  superimposed  phenomenon,  and  that  the  law 
holds,  in  all  probability,  for  all  classes  of  substances,  the  question 
next  arises,  "  Is  the  relation  on  exact  one  ?  " 

Unfortunately  we  have  at  present  no  record  of  any  very  exact 
tests  on  iron  or  similar  materials.  That  is  to  say,  not  exact  as  re- 
gards the  connection  between  B  and  H,  though  no  doubt  amply 
precise  enough  for  the  purpose  for  which  the  tests  were  made.  This 
is  for  the  following  reasons  : 

The  experiments  have  been  made  on  either  straight  wires,  rings 
of  iron  wire,  solid  rings,  solid  rods  or  laminated  rings.  In  all  cases 
there  are  sources  of  error  which  were  not  taken  into  account  in  the 
experiments. 

In  the  case  of  straight  wires,  the  permeability  varies  with  the  in- 
duction, consequently  the  leakage  varies  also.  This  may  give  rise 
to  errors  of  as  much  as  20^  for  high  magnetizations. 

In  the  case  of  rings  of  iron  wire,  no  accurate  results  can  be  ob- 
tained, as  the  flux,  having  to  pass  from  turn  to  turn  through  air, 
varies  very  greatly  in  density  and  the  reluctance  of  the  air  spaces 
cannot  be  calculated  owing  to  the  varying  permeability  of  the  iron. 
Steinmetz  has  shown^  that  the  variation  from  the  mean  induction  in 
iron  wire,  wound  somewhat  differently,  may  be  so  great  as  to  increase 
the  hysteresis  900^^.  Such  tests  are  not  in  any  way  a  measure  of 
the  quantities  supposed  to  be  involved. 

In  the  case  of  solid  iron  rods  the  induction  cannot  die  away 
quickly  owing  to  the  eddy  currents  set  up.  Another  still  more  seri- 
ous error,  especially  with  very  thick  rings,  is  the  fact  that  the  length 
of  the  magnetic  circuit  on  the  inside  of  the  ring  is  less  than  that 
of  the  outside  of  the  ring.  If  the  ring  is  one  foot  in  diameter,  and 
the  ring  one  inch  thick,  then  this  difference  will  amount  to  i6Jfc. 
In  other  words  the  value  of  H  in  the  inside  of  the  ring  is   165b 

*  Trans.  Am.  Inst.  E.  E.,  pp.  699  and  701. 
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greater  than  that  in  the  outside.  As  the  permeability  is  not  con- 
stant, the  mean  permeability  is  not  the  same  as  the  permeability  of 
the  mean  circumference,  and  this  difference  may  amount  to  several 
per  cent.     Though  this  source  of  error  was  pointed  out  by  Kennelly* 


Fig.  6. 

I  know  of  no  published  experiments  in  which  this  very  important 
source  of  error  has  been  taken  into  account. 

With  solid  iron  bars  tested  in  a  permeameter  there  are  quite  a 
number  of  sources  of  error.  But  there  is  one  thing  alone  which 
.would  vitiate  all  results  obtained,  especially  for  high  values  of  B  for 
which  the  permeameter  is  commonly  supposed  to  give  its  most  ac- 
curate readings,  and  that  is  that  the  formula  used  is  incorrect. 

The  pull  per  sq.  cm.  is  commonly  given  as 

Force  =  (52 -iy^8;r. 
It  should  be 

where  fi^  is  the  permeability  of  the  medium,  generally  air,  which 
flows  in  when  the  gap  is  made.  The  proof  of  this  formula  I  have 
given  elsewhere.^  It  is  readily  seen  that  the  usual  formula  is  wrong, 
for  if  we  perform  the  following  cycle  : 

1.  Pull  the  bar,  leaving  the  magnetizing  coil  in  place. 

2.  Fasten  the  coil  to  the  bar  and  let  the  bar  come  back  to  its 
original  place. 

1  Electrodjmamic  Machineiy,  p.  28. 

*  Frank.  Inst  Lecturcy  Magnetic  Design,  April,  1899. 
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3.  Move  the  coil  to  its  original  place. 

It  is  self  evident  that  if  the  pull  be  given  by  (^  *  —  //'*)/8;r  we 
will  have  a  perpetual  motion  machine. 

It  is  for  the  above  reasons  that  the  writer  was  reluctantly  forced 
to  the  conclusion  that  there  was  no  published  work  which  could  be 
relied  upon  to  settle  the  point  whether  iron  obeyed  Kennelly's 
formula  with  an  accuracy  of  one  per  cent,  or  less.  A  very  elabo- 
rate and  careful  test  was  then  made,  the  results  of  which  are  shown 
in  Fig.  7,  the  method  being  described  in  an  appendix,  and  the 
conclusion  reached  was  that : 

The  sample  of  soft  iron  tested  obeys  the  formula,  with  a  maximum 
deviation  from  it  of  less  than  %^,  this  being  the  maximum  amount  of 
experimental  error ^  for  values  above  the  bend  of  the  curve. 
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77/^  Solution, 

To  resume,  we  have  seen, 

I.  That  if  the  electrical  quantities  are  of  the  same  nature  as  those 
met  with  in  mechanics^  eitlur  x  must  be  a  density  and  (i  a  cotnpliancy^ 
or  vica  versa. 
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2.  That,  this  being  the  case,  eitfier  x  must  decrease  as  F  increases, 
or  fi  decrease  as  H  increases. 

3.  T/iat  whichever  one  of  the  two  quantities,  x  or  fi,  decreases  as  the 
corresponding  intensity  increases,  that  one  must  be  a  compliancy. 

4.  That  X  does  not  decrease  as  F  increases,  but  that  fi  does  decrease 
as  H  increases. 

5.  That  the  rate  of  decrease  is  in  agreement  with  the  qualitative 
formula. 

6.  That  therefore  11  is  of  the  nature  of  a  compliancy. 

Zmust  therefore  have  the  value  MjDT.  On  substituting  this 
value  in  equations  5-8  we  obtain, 

(12.)  Q^MIT 

(13.)  P^L^ 

{14.)  X   ^M\L^ 

(15.)  II  ^LT'IM 

Part  III. 
Corroborative  Fjiddence.     A.  Permeability. 

Since,  as  we  have  seen 

v.^a  +  bH 

and  y.,  being  the  reciprocal  of  a  permeability,  has  the  dimensions 
MjLT^  then  a  must  have  the  same  quality. 

Therefore.  ^2  should  vary  with  the  elasticity  of  the  material.*  We 
can  see  that  this  is  true  by  examining  the  curves  of  Fig.  I. 
Here  the  very  hard  materials,  like  pianoforte  steel  have  large  values 
of  a.  The  soft  materials,  such  as  soft  wrought  iron  have  very  low 
values  of  a.  Intermediate  materials,  like  cast  iron  have  intermediate 
values  of  a. 

Again  if  the  material  be  hardened  by  stretching,  a  is  increased. 
This  is  shown  from  the  curves  in  Fig  5,  taken  from  the  experiments 
of  Ewing.* 

I  This  may  be  questioned.  I  will  not  defend  my  statement  here,  as  the  main  matter  of 
importance  is  the  fact  that  it  does  vary,  whether  the  prediction  of  the  phenomenon  was  or 
was  not  Intimate. 

«Ibid.,  p.  304. 
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It  will  be  noted  that  though  a  has  changed  markedly,  b  remains 
unchanged. 

Again,  MjLT^  is  of  the  same  quality  as  a  stress.  Consequently 
we  should  expect  a  to  change  when  a  stress  is  applied  to  a  wire. 
The  curves  shown  in  Figs.  4  and  2  show  that  this  is  true  for  both 
nickel  and  cobalt.  These  are  drawn  from  Ewing's  experiments,*  and 
are  taken  from  Kennelly's  paper.*  That  the  same  thing  holds  true 
for  iron  may  be  seen  from  Ewing's  experiments  on  that  substance* 
though  the  experimental  data  are  not  very  numerous. 

In  some  of  the  curves  given,  it  would  appear  as  if  ^  also  changed 
slightly.  This  may  be  true,  but  it  may  also  be  due  to  the  fact  that 
when  the  bend  is  very  gradual  it  is  difficult  to  calculate  the  value  of 
b  from  the  data  given,  as  the  line  remains  inflected  for  some  dis- 
tance past  the  bend.  The  direction  of  the  change  of  a  should  be 
noted  as  it  gives  us  an  idea  of  the  nature  of  the  stress. 

MjLT*  has  the  same  quality  as  3;  in  Steinmetz's  formula  for 
hysteresis,  for  both  have  the  quality  of  work  per  unit  volume.  We 
might  therefore  expect  rj  to  change  with  a.  The  accompanying 
table*  shows  that  this  is  true.  Note  especially  the  cases  where  the 
same  material  is  tested  in  the  annealed  and  hardened  states.  In  each 
case  a  and  tj  change,  whilst  b  remains  constant. 

b  has  zero  dimensions,  and  I  have  found  thatt  there  is  a  relation 
between  a,  b  and  tj  as  follows, 

^  =  0.007,  approximately. 
a 

There  is  some  evidence  in  favor  of  the  idea  that  b  has  but  two  values 
for  iron,  one  for  soft  iron  and  one  for  cast  iron,  with  intermedi- 
ate values  when  the  material  is  intermediate  in  quality.  It  may 
therefore  be  related  to  the  chemical  constitution  of  the  sample,  and 
may  represent  the  reciprocal  of  the  number  of  molecular  groups. 
There  is  not  sufficient  data  at  present  available  to  enable  us  to  de- 
cide the  question. 

»Ibid.  »Ibid.,  p.  179. 

'  Ibid.  *  Taken  from  Steinmetz*s  paper,  Ibid. 


Digitized  by 


GoogI( 


No.  I.]  ELECTRIC  AND  MAGNETIC  QUANTITIES. 

Table  Showing  Relation  between  a,  b  and  rj  fot  Various  Substances. 
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Material. 


Wrought  Iron,  Norway 

"  .        **     Common , 

Sheet  Iron 

**       **  Ferrotype,  Commercial. 

"       «•         "  Annealed.... 

"       «*   Tinplate 


Very  Soft  Iron  Wire,  Erwing., 
Cast  Iron  No.  1 


•«  •«  ••    2 

•«  ««  •»    3 

«<  «<  ««       A 

<<  ««  ««       K 

••  **  **    6 

«i  (<  (<    y 

««  ««  ««    8 

Cast  Steel,  Hardened., 

"  "  Annealed. 

(I  <<            «« 


.166: 

.20    I 

.275 

.45    I 

.337, 

.192  1 

.321 

.20    I 

2.40 

2.43    I 

2.76    ! 


Average  of  5  samples., 


Mitis  metal 

Welded  Steel,  Tool   Steel  HI. 


H 

OH  .... 

O 

Sh 

S 

Nickel. 


2.00 
.736 
.35 
.30 
8.0 
7.8 
1.9 
1.54 
1.33 
1.22 
1.00 


.054 

.055 

.058 

.050 

.050 

.055 

.053 

.064 

.094 

.094 

.095 

.097 

.095 

.097 

.098 

.095 

.054 

.054 

.091 

.057 

.054 

.054    I 

.121 

.105 

.066    i 

.060    ' 

.060    I 

.058 

.170    I 


2.05 

.097 

0.0113  ! 

2.34 

.095 

0.0127 

2.07 

.097 

0.0122 

2.37 

.098 

0.0136 

2.92 

.095 

0.0146 

2.7 

.054 

0.0280 

0.00228 

0.00326  i 

0.0035 

0.00548  I 

0.00458  i 

0.00286 

0.00426 

0.0020 

0.0130 

0.0132 

0.0158 

0.0113 

0.0127 

0.0122 

0.0136 

0.0146 

0.0280 

0.00848 

0.012 

0.009      ! 

0.005 

0.00428  I 

0.0748 

0.0613     , 

0.0267 

0.0270 

0.0190 

0.0145 

0.0122     I 


742 
S96 
73S 
$09 
679 
819 
70J 
640 
509 
510 
S44 
S3S 
516 
S7Z 
562 
475 
560 
520 
546 
679 
771 
770 
1133 
S2S 
927 

loss 

857 
6S9 

207 


Corroborative  Evidence,     B,  Specific  Inductive  Capacity. 

Since  fi  is  a  compliancy,  x.  must  be  a  density  and  its  quality  must 
beiW;//,' 

The  fact  that  dense  substances  are  generally  highly  refracting 
was  first  pointed  out  by  Newton.  Diamond  and  Faraday's  dense 
glass  are  examples,  as  are  also  those  liquids  used  for  making  de- 
terminations of  the  densities  of  heavy  minerals.  The  following 
table  shows  the  relation  plainly.  The  data  are  taken  from  Everett's 
C.G.S.  Units,  and  Landolt  and  Bornstem's  tables.  The  tests  on 
the  glasses  were  made  by  Hopkinson  ;  those  on  the  gases  by  Ayrton 
and  Perry. 
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Sobttance. 

Density. 

«--i. 

(«  —  I)  /  Dens. 

Glass. 

4.5 

9.1 

2.0 

Glass. 

3.66 

6.4 

1.75 

Diamond. 

3.5 

5.1 

1.46 

Glass. 

3.2 

5.85 

L82 

Glass. 

2.87 

5.57 

L59 

Sulphur. 

2. 

2.84 

1.42 

Benzol. 

1.29 

1.58 

1.22 

Rubber. 

.92 

1.32 

L43 

CS,. 

.88 

1.36 

1.54 

Paraffin. 

.87 

1.29 

1.48 

Kerosene. 

.8 

1.07 

1.34 

Petroleum 

Spirit. 

.7 

.92 

1.31 

SO,. 

.00269 

.0052 

1.93 

CO,. 

.00195 

.0023 

1.18 

Coal  gas. 

.00125 

.0019 

1.52 

Air. 

.00127 

.0015 

1.18 

It  will  be  seen  that  in  the  case  of  these  substances,  though  the 
densities  vary  from  4.5  to  0.00125,  or  in  the  ratio  of  4000  to  i,  the 
added  tl  is  roughly  proportional  to  1.5  times  the  density.* 

As  this  table  might  give  a  wrong  impression,  it  should  be  stated 
that  though  the  bodies  taken  were  chosen  at  random,  yet  sev- 
eral substances,  such  as  water  and  the  alcohols,  which  behave 
anomalously  in  other  ways,  have  been  omitted.  Some  of  the  dis- 
crepancies may  be  accounted  for.  Thus  I  have  found  that  the 
capacity  of  most  of  the  organic  oils  is  considerably  decreased  when 
they  are  carefully  purified  from  organic  acids,  mucins  and  water. 
In  the  case  of  hydrogen  the  discrepancy  may  be  due  to  the  difficulty 
of  measuring  such  a  very  small  capacity. 

But  we  cannot  expect  this  relation  to  be  more  than  an  approxi- 
mation for  the  following  reason  :  The  value  of  x  varies  with  the 
periodicity  and  hence  it  is  certain  that,  as  in  the  case  of  the  stretched 
string,  the  virtual  mass  must  be  made  up  of  several  terms.  In  fact, 
J.  J.  Thomson  has  shown  that  the  capacity  of  a  moving  sphere  is 
increased  in  the  ratio  1/(1—4/15  isxV).  So  that  in  addition  to  the 
density,  the  expression  for  x  for  a  substance  must  contain  terms  de- 
pending upon  the  valency,  the  number  of  atoms  per  cc.  the  velocity 
of  the  atoms  and  the  periodicity  of  the  electric  stress.     These  other 

*  Newton  gives  a  similar  table  (Opticks,  Prop.  X. ). 
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terms  may,  it  is  conceivable  in  certain  cases,  be  of  larger  numerical 
value  than  the  original  density  term. 

Viewed,  however,  not  as  an  attempt  to  find  a  law  for  refraction^ 
but  merely  as  a  broad  test  between  two  rival  theories  of  electricity 
it  is  evident  that  x  is  related  to  the  density  and  not  to  the  elasticity 
of  the  substances. 

As  regards  the  variation  of  x  in  any  particular  substance  witli 
change  of  state,  we  have  Newton's,  Gladstone's,  Lorenz  and  Lor- 
entz's  and  Ketteler's  formulae.  The  first  three  of  these  do  not  agree 
satisfactorily  with  experiment.  The  last  one  does,  probably  because 
it  contains  more  constants. 

The  series  in  Ketteler's  formula  can  be  expressed  as  a  fractional 
power,  and  hence  is  of  unity  dimensions.  This  makes  the  refractive 
index  to  vary  as  the  density,  and  since  //  is  practically  unity  for  all  the 
substances  to  which  this  formula  applies,  we  get  x  =  density.  Not 
much  importance  can  be  attributed  to  this  result  however.* 

It  is  to  be  noted  that  the  refractive  index  of  a  gas  seems  to  vary 
in  the  direct  ratio  as  its  density.  But  the  denser  the  gas  the  closer 
the  atoms  must  be  to  each  other,  and  the  greater  the  molecular 
attraction  forces,  according  to  Van  der  Waal's  law  (or  the  writer's 
modification  of  it,  /.  e.^ 


[p^^^{v-b)  =  R9). 


Hence,  also,  in  all  probability,  the  greater  the  permeability.  But, 
unfortunately,  we  know  too  little  about  these  molecular  actions  at 
present  to  enable  us  to  use  the  phenomenon  in  this  connection. 

Determination  of  tlie  Density  and  Elasticity  of  the  Ether, 

If  the  ether  has  specific  mass,  and  from  the  phenomena  of  light 
it  must  have  some  equivalent  property,  how  would  it  affect  the 
refraction  of  light  ? 

In  the  first  place  we  know  that  for  most  substances  ;/,  the  com- 
pliancy is  practically  the  same  as  for  the  free  ether.  This  means 
either  that  the  elasticity  of  the  free  ether  must  be  the  same  as  that 

«*  4- 1 
*  These  considerations  suggest  the   following  formula  :    -r -. 1-  -^  =  Constant, 

where  A  represents  terms  depending  on  the  velocity,  valency  of  the  atoms,  etc. 
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of  the  substance,  or  else  that  the  total  area  of  cross-section  of  the 
atoms  is  very  small  compared  with  the  cross-section  of  the  space 
they  occupy  to  the  exclusion  of  other  atoms,  /.  e,^  that  the  atoms 
have  configuration  virtually  equivalent  to  that  small  framework 
structures  of  thin  platinum  wire  interpenetrated  by  another  sub- 
stance. 

If  we  are  to  look  upon  the  atoms  as  possessing  a  structure 
whose  actual  cross-section  is  small  compared  with  that  of  the 
space  occupied  by  them/  their  effect  on  the  elasticity  and  density 
constants  would  be  analogous  to  that  obtained  by  adding  to  a  vessel 
filled  with  oil  a  number  of  small  structures  built  out  of  platinum 
wire.  In  this  case  the  cross-section  of  the  oil  not  being  appreciably 
changed,  the  elasticity  would  not  be  altered  to  any  extent,  whilst 
the  density  of  the  platinum  wire  structures  would  be  added  to  that 
of  the  oil.  The  resultant  velocity  of  wave  propagation  in  the  space 
occupied  by  the  combination  would  therefore  be  given  by  the 
formula 

where  d  is  the  density  of  the  oil,  D  the  mass  of  the  platinum  wire 

structures  contained  in  one  cc.  of  space,  and  R  the  elasticity  of  the  oil. 

In  this  case,  if  the  oil  were  set  in  motion  with  a  velocity  z/,  the 

velocity  of  the  waves  through  it  would  be  increased  by  the  amount 

vDl{D  +  d). 

This  fraction  is  of  the  same  form  as  that  called  for  by  the  aberra- 
tion of  light  and  Fizeau's  experiment.  Consequently  if  the  pre- 
vious work  be  correct  and  x  is  a  density,  then  the  fraction  (*  —  xj/ 
density,'  should  be  constant  for  all  substances,  at  least  to  a  first  ap- 
proximation. 

Now  the  above  table  shows  that  this  is  approximately  the  case. 
There  are  exceptions,  such  as  water  and  the  alcohols,  but  by  far  the 

'  The  preceding  table  was  prepared  before  I  noticed  the  great  discrepancy  between 
Ayrton  and  Perry's  and  Boltzmann  and  Klemencic's  values  of  k  for  gases.  If  the  values 
given  by  the  latter  be  correct,  the  atoms  may  be  comparatively  solid,  and  we  obtain  1.33 
as  the  density  and  12.  lo*®  as  the  elasticity  of  the  ether.  As  this  is  not  yet  absolutely  cer- 
tain, I  leave  the  above  as  written. 

'  Taking  /c  for  the  ether  as  unity,  this  is  numerically  equal  to  {k  —  I )/  density. 
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greater  majority  of  substances  obey  this  law.  We  know  so  little 
about  the  constitution  of  the  atom  that  we  cannot  at  present  discuss 
the  peculiar  behavior  of  the  exceptions.  It  is  to  be  noticed  that  those 
bodies  which  do  not  agree  with  Maxwell's  ^  law,  that  the  refractive 
index  for  light  is  x^fi^^  are  those  which  also  disagree  most  widely 
from  this  rule  that  {x  —  xj/  density  is  a  constant. 

The  determination  of  an  approximate  value  of  the  density  of  the 
ether  from  this  formula  is  a  very  simple  matter.  Since  in  the  for- 
mula, X  is  the  specific  inductive  capacity  of,  or  density  of,  botli  the 
stuff  and  of  the  space  occupied  by  it,  and  we  take  the  specific  in- 
ductive capacity  of  the  ether,  according  to  our  present  system  of 
units,  as  unity,  then  x  —  i  is  the  density  of  the  material  in  terms  of 
the  density  of  the  ether.  The  average  value  of  the  constant  is  1.5, 
therefore  the  value  of  the  density  of  the  material  in  terms  of  the 
density  of  the  ether  is  1.5  times  its  density  in  terms  of  water,  i.  /., 
the  density  of  the  ether  is  0.66,  or  two-thirds  that  of  water. 

From  this,  by  means  of  the  formula  for  the  velocity  of  light,  wc 
may  deduce  the  elasticity  of  the  ether  and  find  it  to  be 

/?  =  6x  io». 

As  a  converse  proposition,  it  follows  that  to  find  the  specific  in- 
ductive capacity  of  any  substance,  all  we  have  to  do  is  to  add  to  its 
specific  mass  the  specific  mass  of  the  ether,  and  then  divide  the  sum 
by  0.66.  Thus,  to  get  the  specific  inductive  capacity  of  a  mineral 
oil  of  density  0.5,  we  get 

(0.5  +  0.66)  -i-  0.66  =  1.7s  =  *.* 

It  will  be  noted  that  the  values  given  for  the  constants  of  the  ether 
lie  midway  between  those  generally  given.  Lord  Kelvin's  value  for 
the  elasticity^  is  900,  with  a  correspondingly  small  density. 

*  I  have  previously  pointed  out  that  those  substances  which  do  not  obey  Maxwell*  s  law 
act  as  negative  uniaxial  crystals  in  Kerr's  experiment,  whilst  those  obeying  the  law  act  as 
positive  crystals,  and  that  this  indicates  that  those  acting  as  negative  crystals  probably 
contain  a  certain  per  cent  of  particles  of  substances  of  large  specific  induction  capacity. 
—Elect  World,  Jan.  2,  1897. 

■Accepting  Boltzmann's  and  Klemencic*s  results  for  k  we  have,  Mass  of  atoms  in 
one  C.C.  — density  of  ether  (i — volume  actually  occupied  by  atoms)  =«.  Hence,  for 
spherical  atoms  not  in  the  form  of  crystalline  solids,  we  have  the  formula  (n*  —  0.7),  den- 
sity =  constant 

•Trans.  R.  S.  E.,  XXI..  60. 
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This  value,  however,  can  hardly  be  correct  For  unless  the 
atoms  hold  together  by  means  of  hooks  of  some  land,  it  would 
seem  as  if  the  stress  when  a  bar  of  metal  is  sheared  must  ultimately 
come  on  the  ether.  In  fact,  the  writer  has  shown*  that  the  phe- 
nomena of  rigidity,  elasticity  and  tensile  strength  are  quite  well  ex- 
plained by  supposing  that  the  atoms  are  electric  doublets  and  have 
charges  on  them  of  the  same  size  as  those  called  for  by  Faraday's 
law  of  electrolysis,  and  that  the  effects  observed  are  of  the  same 
dimensions  as  those  called  for  by  this  theory.  But  whether  this 
theory  be  correct  or  not,  it  would  seem  that  if  the  ether  is  the  thing 
ultimately  acted  upon,  it  must  be  at  least  as  rigid  as  the  most  rigid 
substance  we  know  of,  /.  ^.,  the  diamond,  which  has  a  rigidity  of 
approximately  lo".  This  calls  for  a  minimum  density  of  the  ether 
of  about  lO"',  or  approximately  that  of  air  at  1/15  mm.  pressure. 
Therefore,  on  the  very  lowest  supposition  the  density  of  the  ether  in 
a  vacuum  tube  must  be  immensely  greater  than  that  of  the  enclosed 
gas. 

The  other  hypothesis,  that  held  by  Fitzgerald  and  by  some  other 
eminent  naturalists,  makes  the  elasticity  of  the  ether  to  be  about 
10^*  and  its  density  at  least  20.  At  first  sight  it  would  appear  ex- 
tremely reasonable  to  suppose  that,  if  the  atom  be  simply  some 
configuration  of  the  ether,  the  ether  must  be  at  least  as  dense  as 
the  densest  atom.  More  especially  since,  as  has  been  pointed  out, 
both  the  fact  that  the  permeability,  /.  e.,  elasticity  of  the  ether,  is 
but  very  little  affected  by  the  presence  of  matter  and  the  fact  that^ 
(since  the  fraction  {x  —  x^j  density  is  approximately  constant,  /.  r) 
the  density  of  the  element  is  simply  added  to  that  of  the  ether, 
seem  to  show  that  the  virtual  cross  section  of  the  atoms  is  a  small 
fraction  (say  one  per  cent,  or  less)  of  the  space  occupied  by  the  atoms 
to  the  exclusion  of  other  atoms.  (Of  course  the  actual  space  may 
be  greater  but  in  this  case  there  must  be  some  compensating  device 
brought  into  play.) 

But,  on  the  other  hand,  it  is  not  evident  that  there  is  any  necessary 
connection  between  the  density  of  the  ether  and  the  density  of  the 
atom.     For  it  is  very  easy  to  see  that  if  the  atom  consisted  of  some 

*  Elec.  World,  August  8  and  22,  1891,  more  fully,  Science,  July  22,  1892,  and 
March  3,  1 893. 
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kind  of  a  vortex  in  the  ether,  that  owing  to  some  property  of  the 
atom,  say  its  energy  of  rotation,  a  strain  might  be  set  up  in  the 
ether  proportional  to  its  velocity  squared.  The  total  density  of  the 
atom  might,  therefore,  be  made  up  of  two  parts,  one  due  to  the 
density  of  the  ether  itself,  which  might  be  extremely  small,  and 
the  other  depending  in  some  way  on  the  configuration  of  the  atom, 
this  latter  part  being  associated  with  a  proportional  quantity  of 
gravity.  Such  an  hypothesis,  however  small  its  justification,  enables 
us  to  see  that  the  ether  need  not  be  as  dense  as  platinum. 

Again,  we  may  take  a  vortex  ether,  such  as  has  been  treated  of 
so  powerfully  by  Fitzgerald  and  Kelvin.  In  this  case  we  may  con- 
ceive of  space  as  filled  with  a  tangle  of  vortices,  the  actual  volume 
of  the  vortices  being  small  compared  with  the  space  they  occupy, 
this  tangle  of  vortices  being  what  we  call  the  ether.  If,  by  any 
action  a  new  configuration  is  made  to  take  place,  and  this  is  done  in 
such  a  manner  that  it  has  the  properties  of  matter,  it  may,  at  the 
same  time,  call  for  a  crowding  together  of  the  vortices  at  that  por- 
tion of  space.  In  fact  there  are  a  number  of,  not  at  present  im- 
probable, suppositions  which  we  might  make  for  the  purpose  of 
showing  that  there  is  no  necessary  connection  between  the  density 
of  the  ether  and  of  the  elements. 

{^To  be  continued, ) 
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POLARIZATION   AND   INTERNAL   RESISTANCE  OF 
THE   COPPER   VOLTAMETER. 

By  B.  E.  Moore. 

MEASUREMENTS  of  electrolytic  polarization  may  be  divided 
into  two  general  classes.  In  the  first  class  may  be  placed 
all  the  measurements  made  with  the  direct  current.  This  class  in- 
cludes the  greater  part  of  the  determinations.  In  the  second  class 
the  alternating  current  has  been  employed.  The  development  of 
this  method  is  a  comparatively  recent  one,  but  promises  to  yield 
extremely  important  results.  This  method  has  also  afforded  meas- 
urements of  electrode  capacity,  designated  by  "polarization  ca- 
pacity '* — an  expression  which  first  appeared  in  a  contribution  by 
Kohlrausch/  This  term  suggests  that  the  phenomenon  is  limited 
to  the  electrodes  and  to  the  solution  immediately  adjoining  them. 
The  enormous  values  obtained  for  the  capacities,^  indicate  strata  so 
thin  as  to  be  scarcely  designated  as  finite.  Their  values  are  a  re- 
minder of  the  Helmholtz  charged  strata  theory.  However,  the 
Warburg  theory,  which  makes  it  a  current  conduction,  and  at  the 
same  time  recognizes  that  both  the  electrodes  and  the  solution  play 
important  parts,  is  more  satisfactory.  The  process  at  the  electrodes 
is  frequently  complicated.  Gases  may  be  deposited  and  cover  parts 
of  the  electrodes  and  thus  insulate  parts  of  the  surfaces,  or  the 
gases  may  be  occluded  and  form  an  opposing  gas  battery.  There 
may  be  an  absorption  of  ions  in  the  surface  of  the  electrodes.  The 
liberated  products  may  form  at  the  surface  of  the  electrodes  a  new 
material  or  the  same  material  in  a  different  state  of  aggregation. 

>  F.  Kohlrausch,  Pogg.  Ann.,  148,  p.  443,  1872. 
«M.  Wien,  Wied,  Ann..  58,  p.  37,  1896. 

C.  M.  Gordon,  Wied.  Ann.,  61,  p.  i,  1897. 

A.  M.  Scott,  Wied   Ann.,  67,  p.  388,  1899. 

E.  Warburg,  Wied.  Ann.,  67,  p.  493,  1899. 

E.  Newmann,  Wied.  Ann.,  67,  p.  500,  1899. 
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The  solution  may  act  upon  the  electrodes  either  upon  open  or 
closed  circuit — an  action  which  may  be  normal  or  arise  by  reason 
of  impurities,  either  in  the  electrodes  or  the  solution.  The  char- 
acter of  the  solution  at  the  electrodes  when  carrying  a  current  may 
be  changed  sufficiently  to  cause  action.  A  concentration  series 
always  arises  owing  to  the  unequal  rates  of  migration  of  the  ions. 
Any  of  these  changes  give  rise  to  a  polarization.  These  deposits 
upon  or  in  the  electrodes  are  frequently  small  and  a  slight  variation 
in  their  total  quantity  affects  appreciably  the  electromotive  force, 
when  these  deposits  are  present  at  the  electrodes,  before  the  current 
is  started.  Their  ions  are  also  present  in  the  adjacent  solution,  and 
the  current  affects  their  magnitude ;  therefore,  the  concentration 
series  in  the  solution  is  always  affected.  After  removal  of  the  cur- 
rent the  electrodes  and  adjacent  strata  of  the  solution  would  tend  to 
return  to  the  former  state  of  equilibrium,  and  the  concentration 
series  would  be  removed  by  diffusion.  -However  the  process  of 
diffusion  is  a  rather  slow  one  and  could  only  appear  rapid  when  the 
concentration  strata  are  minutely  thin.  If  the  current  had  sud- 
denly been  reversed,  it  must  have  aided  the  return  to  the  original 
condition  and  quickly  established  the  same  phenomena  as  before, 
but  at  the  opposite  electrodes.  This  is  what  probably  happens 
when  alternating  currents  are  used  under  proper  conditions.  This 
makes  the  phenomena  reversible,  and  upon  its  reversibility  depends 
the  accuracy  of  the  electrolytic  resistance,  by  means  of  alternating 
currents. 

The  observations  for  electrolytic  resistance  by  means  of  the  direct 
current,  unlike  the  observations  by  means  of  the  alternating  current, 
have  never  given  uniform  values.  The  resistance  is  always  larger 
when  the  current  is  small.  The  method  of  measuring  electrolytic 
resistance  by  direct  current  involves  the  measurement  of  three 
quantities,  viz.  electromotive  force,  E^  at  terminals  of  the  electro- 
lyte ;  the  current,  i ;  and  the  polarization,  P,  The  electrolytic 
resistance,  r,  is  then  calculated  by  the  formula  r  ^=i  {E  —  P)  ji. 
The  determination  of  E  and  /  is  easy  and  accurate.  However,  Pis 
not  usually  measured  with  the  direct  current  still  flowing.  The 
circuit  is  broken  and  the  voltameter  thrown  upon  an  independent 
current.     The  process  requires  time  and  a  residual   part  only  of 


Digitized  by 


GoogI( 


i 


36  B,   E.   MOORE.  [Vol.  X. 

the  polarization  as  measured.  Wiedeburg  has  given  an  experi- 
mental formula^ 

^-7'(-^-*V?(-^-*') 

where  P  is  the  total  polarization.  P  and  P  the  maximum  polariza-. 
tion  at  electrodes  i  and  2  respectively,  s  denotes  surface  of  elec- 
trodes, -ffj  and  B^  are  constants  depending  upon  the  material  of  the 
electrodes,  and  q  is  the  quantity  of  electricity  which  has  passed.* 
Guthe  has  subjected  the  formula  to  an  accurate  experimental  test. 
His  experimental  conditions  made  P^  =  /^^  =  /y2,  B^  =  B^,  5,  =  S^ 
and  the  value  of  P  so  obtained,  substituted  in  the  simple  formula 
above,  gives  the  uniform  values  for  electrolytic  resistance.  How- 
ever, the  actual  measurement  of  P  or  an  approximation  to  such  a 
measurement  is  very  desirable.  As  has  been  pointed  out  by  several 
observers,  the  nearer  the  time  from  the  opening  the  one  circuit  to 
the  closing  of  the  other  approaches  zero,  the  more  accurate  the 
values  obtained  for  P,  and  therefore  the  more  accurate  the  calcu- 
lated value  for  r. 

The  object  of  the  following  experiments,  is  to  emphasize  these 
conditions  and  to  show  the  growth  of  polarization  upon  closed  and 
open  circuit.  It  has  therefore  been  necessary  to  employ  the  direct 
current.  P  has  been  measured  between  .00006  second,  and  .045 
second  after  the  polarizing  electromotive  force  was  removed.  The 
latter  has  also  been  given  wide  ranges  both  in  its  value  and  in  the 
time  during  which  it  was  applied.  The  smallest  time  intervals,  so 
far  as  could  be  learned,  are  ten  times  shorter  than  any  previous  ex- 
perimenter has  used. 

Fig.  I  gives  a  diagram  of  the  connections.  The  circuits  were  all 
made  and  broken  by  a  swinging  pendulum.  The  minute  lateral 
motion  of  the  pendulum  was  a  troublesome  factor  until  the  steel 
cone  pivots  were  drawn  so  tight  that  the  pendulum  ceased  vibra- 
tion after  a  few  swings.  The  keys  i ,  3  and  4  had  micrometer  screw 
attachments  so  that  they  could  be  adjusted  accurately  in  the  same 
plane  as  key  2.     To  obtain  the  deflection  with  the  standard  cell,  B,, 

*  Wiedeburg,  Wied.  Ann.»  51,  p.  s,  302, 

*  Guthe,  P»^*s,  Rkvifw,  Vol.  VII.,  p,  193. 
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key  I  is  fastened  open  with  a  strip  of  glass,  keys  2  and  4  are  set, 
the  six-point  switch  is  turned  to  the  left  and  the  key  6  is  closed  by 
hand  about  the  instant  the  pendulum  is  released.  This  was  neces- 
sary since  the  time  period  from  key  3  to  key  4  or  from  key  i  to  key 
4  was  not  long  enough  to  allow  the  condenser  to  assume  the  poten- 
tial of  the  standard,  owing  to  the  large  internal  resistance  of  this 
cell.     To  obtain  the   total  deflection  from  the   storage  cell   the 
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Fig.   1. 


manipulation  is  the  same  except  key  i  is  used  instead  of  key  6.  To 
polarize  the  voltameter  key  a  is  closed  and  keys  i,  2,  3,  4,  5  and  6 
are  set.  When  the  pendulum  is  liberated,  it  first  meets  key  5  and 
opens  the  voltameter  short-circuit.  The  detent  to  key  6  is  over- 
turned last  of  all  and  this  again  short-circuits  the  voltameter.  By 
this  swing  of  the  pendulum  the  galvanometer  will  give  a  deflection 
proportional  to  the  fall  of  the  potential  over  the  resistance  R  or  the 
voltameter  V,  according  as  the  six -point  switch  is  turned  to  the  left 
or  right  respectively.  This  fall  of  the  potential  over  Fwill  be  the 
polarizing  electromotive  force,  if  keys  3  and  4  are  released  before  key 
2.     It  will  be  the  polarization  electromotive  force  if  keys  3  and  4  are 
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released  after  key  2.  The  deflections  over  R  and  Fare  also  propor- 
tional to  the  resistance  R  and  the  apparent  resistance  R^  of  the  volta- 
meter respectively.  The  deflection  caused  by  the  polarization  of  V, 
,  subtracted  from  the  deflection  produced  by  the  applied  electromotive 
force  leaves  a  value  proportional  to  the  internal  resistance  r.  Whenever 
deflections  are  thus  compared  it  is  necessary  that  the  time  intervals 
of  charging  be  the  same.  For  the  apparent  capacity  of  condensers 
vary  when  the  time  interval  is  very  short.*  The  capacities  of  a  one- 
third  microfarad  condenser  and  a  one  microfarad  condenser  were 
found  to  vary  about  four  per  cent,  while  a  Stanley  condenser  varied 
three  fold.  Key  3  was  placed  so  that  it  made  the  up  contact  after 
the  detent  to  key  2  was  released.  The  equation  of  motion  of  the 
pendulum  and  the  distance  key  4  was  displaced  from  the  plane  of 
key  2,  determines  the  time  which  has  elapsed  since  the  chai^^g 
circuit  was  broken.  To  release  keys  3  and  4  before  key  2,  a  small 
hard  rubber  block  was  attached  to  the  pendulum  opposite  keys  3 
and  4.  The  current  was  determined  from  the  total  electromotive 
force  of  the  storage  battery  and  the  total  resistance  of  the  circuit. 
When  the  currents  were  large  it  became  necessary  to  measure  the 
electromotive  force  of  the  storage  cell  upon  closed  circuit,  since  a 
concentration  series  *  arises  in  that  cell.  A  comparison  of  the  de- 
flections of  the  standard  and  storage  cell  gives  the  electromotive  force 
of  the  storage  cell.  A  deflection  is  then  obtained  from  the  storage 
when  the  time  interval  is  short.  Let  this  deflection  be  D' ,  Then, 
if  d^  and  d^  be  the  deflection  on  closed  circuit  over  R  and  Fwhen 
the  condenser  is  charged  the  same  length  of  time  we  have 

where  D*  is  proportional  to  electromotive  force  of  the  storage  cell, 

and  /?'  the  resistance  in  series  with  R  and  R^,     The  internal  resist- 

d 
ance  of  the  storage  cell  is  neglected.     Farther  {2)  R^=t  R-^-   This 

r 

value  of  D'  differs  slightly  from  D  for  large  currents.  However, 
this  correction  was  only  made  in  the  first  experiment,  and  for  the 
others  the  electromotive  force  of  the  cell  on  open  circuit  was  used. 

»  Physical  Review,  Vol.  IV.,  p.  238. 
'Physical  Review,  Vol.  IV.,  p.  353. 
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The  adjustment  of  keys  2,  3  and  4  for  a  very  short  time  interval 
was  an  extremely  tedious  task.     Keys  2  and  4  were  down  contacts 
and  the  best  method  to  adjust  them  was  found  to  be  by  the  sense 
of  touch.     The  detents  were  held  with  the  fingers  against  the  spring 
contacts  and  the  pendulum  drawn  back  through  an  arc  of  about  2 
to  5  mm.,  and  allowed  to  fall  against  them.     The  time  sense  in  the 
touch  of  the  fingers  is  so  delicate,  that,  by  this  method,  a  distance 
of  .007  mm.   could   be  detected.      When   the   pendulum  swung 
through  its  full  arc  the  time  required  to  pass  through  this  distance 
at  the  lower  point  of  the  arc  was  .00002  second.     The  smallest  time 
between  keys  2  and  4  actually  used  was  .00006  second,  and  in  this 
time  interval   there  is  liable  to  be  an  error  as  large  as  twenty  per 
cent.,  in  a  few  cases.     This  error  arises  from  the  inaccuracy  of  the 
adjustment,  temperature  changes  in  the  keys,  lateral  vibration  in 
the  pendulum,  and  any  displacement  of  the  keys  due  to  pressure  in 
making  the  settings.     This  setting  could  not  be  made  one  day  and 
be  found  in  adjustment  the  day  following.     Neither  could  it  be 
made  and  key  3  adjusted  to  fall  with  its  up  contact  between  keys  2 
and  4.     Key  3  with  an  up  contact  had  to  be  adjusted  electrically 
and  after  much  use  it  was  found  that  its  position  would  depend  upon 
the  electromotive  force  employed.      The  adjustment  of  keys  2,  3 
and  4  for  such  a  time  interval  requires  three  hours*  work  and  then 
the  adjustment  could  not  be  expected  to  remain  over  one  half  hour. 
After  long  trial,  this  short  time  interval  was  abandoned.     A  trial 
made  it  about  .0005  second,  revealed  the  fact  that  key  3  could  be 
dispensed  with  so  far  as  the  polarization  phenomena  were  concerned. 
The  readings  were  the  same,  after  allowing  for  difference  in  time 
interval  of  charging  the  condenser  through  the  external  resistance 
R^  when  key  3  was  set  as  when  it  was  allowed  to  remain  against  its 
up  contact.     In  the  latter  case  the  condenser  becomes  charged  to 
the  polarizing  electromotive  force,  and  then  upon  open  circuit  dis- 
charges through  the  voltameter   until  it  reaches  the  polarization 
electromotive  force.     This  discharge  would  tend  to  maintain  the 
polarization  if  the  quantity  is  an  appreciable  part  of  the  *'  polariz- 
ation capacity  "  of  the  voltameter.     Farther  the  electromotive  force 
of  the  condenser  would  not  have  fallen  to  the  polarization  electro- 
motive force  if  the  time  interval  was  sufficiently  short.     This  time 
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interval  must  be  determined  from  the  equation  of  discharge  of  a 
condenser  q  =  \Qe-Tc)  or  rf=  yDe-Tc)  where  D  is  the  total  deflec- 
tion of  a  galvanometer  produced  by  a  given  electromotive  force. 
E  applied  to  a  condenser  of  capacity  C,  and  d  the  deflection  of  the 
same  galvanometer  after  the  condenser  charged  to  the  same  electro- 
motive force  has  been  allowed  to  leak  through  a  resistance  R  for 
the  time  interval  /.     A  test  of  this  kind  was  applied  by  charging 
the  condenser  over  the  resistance  R  made  approximately  equal  to 
the  resistance  of  the  voltameter,  and  discharging  it  after  leaking 
for  an  interval  /.     It  was  possible  in  this  way  to  adjust  the  keys  3 
and  4  so  as  to  obtain  an  appreciable  deflection,  d.     It  was,  however, 
not  possible  to  obtain  a  deflection  when  the  time  interval  was  as 
long  as  .oocx)6  second,  provided  the  electromotive  force  of  polar- 
ization was  small.     When  the  electromotive  was  large  the  spring  in 
.cxxx>6  second  is  not  sufficiently  far  removed  from  the  lower  con- 
tact to  break  the  primary  circuit.     This  process  therefore  became 
an  excellent  independent  method  to  use  as  a  check  upon  the  settings 
of  the  keys.     When  the  condenser  is  charged  by  the  polarization 
electromotive  force,  after  the  polarizing  electromotive  force  is  re- 
moved, it  lowers  the  potential  of  the   polarization   electromotive 
force,  if  the  charge  in  the  condenser  is  an  appreciable  part  of  the 
total  charge  in   the  voltameter,  according  to  the  law  of  divided 
capacities.     For  the  time  periods  longer  than  .0006  second,  a  dif- 
ference of  two  per  cent,  could  be  accounted  for  by  experimental 
errors,  but  if  there  had  been  a  difference  of  four  per  cent,  in  the 
readings,  it  could  have  been  stated  with  some  assurance  that  the 
capacity  of  the  voltameter  was  between  twenty-five  and  one  hun- 
dred times  as  great  as  the  capacity  of  the  condenser.     No  such 
difference  was  detected  and  key  3  was  allowed  to  remain  against  the 
up  contact  for  all  the  recorded  measurements  and  was  only  set  when 
it  was  desired  to  make  a  test  for  capacity.     No  such  effect  was  ever 
found  with  certainty  but  it  seems  reasonable  to  anticipate  capacity 
measurements  when  the  surface  of  the  electrodes  is  reduced  con- 
siderable in  magnitude.     After  omitting  the  setting  of  key  3  the 
adjustment  of  keys  2  and  4  was  greatly  facilitated,  and  it  became 
again  possible  to  set  to  .00006  second,  when  the  electromotive  force 
was  small.     Wires  not  shown  in  the  figure  also  lead  from  the  volta- 
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meter  to  an  alternating  current  bridge  where  the  electrolytic  resist- 
ance was  determined  by  the  Kohlrausch  method. 

The  density  of  the  solution  used  was  1.139S  throughout  the 
experiments.  The  evaporation  from  the  surface  was  compensated 
by  adding  distilled  water.  The  temperature  varied  about  four  de- 
grees in  the  first  experiment,  but  less  in  the  others.  All  solutions, 
except  the  first,  contained  about  one-tenth  per  cent,  of  alcohol. 
The  object  of  the  alcohol  was  to  prevent  oxidation  of  the  electrodes, 
but  in  this  proportion  it  was  not  a  success.  The  solution  was  also 
boiled  to  free  it  of  the  contained  oxygen.  Fresh  solution  from  a 
stock  bottle  was  taken  for  each  experiment.  The  results  of  the 
first  experiment  are  contained  in  Tables  I.  and  II.,  and  Figures  2, 
3  and  4.     The  copper  plates  had  stood  in  the  solution  for  an  entire 

Table  I. 
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E, 

Rr 

i. 

E, 

Rr 

.00188 

.106 

56.44 

.0274 

.701 

25.6 

.003575 

.236 

66. 

.0506 

.9973 

19.71 

.00906 

.435 

48. 

.0817 

1.147 

14.04 

.01289 

.5143 

39.9 

.1097 

1.234 

12.5 

.01969 

.6773 

34.4 

.2118 

1.3765 

6.5 

T 

^o66o6"~ 

.00018 

.000295 

.00033 

.00053 

.00073 

.00090 

.00100 

.00680 

.01400 

.0800 
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Table  II. 
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61. 


.2176    I  24.     I 
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42. 

44. 
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.0245    '  45.3 
.0182    !  46. 
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P         1  r 
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.2973 
.1911 

.1666 
.1503 

r 

.3570 

.2352 
.1753 

.1366 

12.6 
17. 
19.2 
20.6 

10.4 

n.7 

12. 
12.2 

week  during  preliminary  tests,  and  the  experiment  itself  continued 
through  another  week.     At  the  end  of  this  interval  the  plates  were 
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colored  a  dark  green,  but  the  uniformity  of  the  readings  indicate 
that  the  plates  did  not  change  throughout  the  experiment.  The 
test  of  the  resistance  by  the  Kohlrausch  method  gave  a  value  of 
thirty-three  ohms,  but  the  capacity  effect  was  so  large  that  the 
adjustment  could  not  be  made  closer  than  about  five  per  cent.  The 
measurement  of  resistance  by  direct  current  indicated  values  much 
smaller  than  this.  Later  it  appears  that  the  direct  current  flowing 
only  for  a  brief  interval  had  an  apparent  temporary  cleaning  action 
upon  the  electrodes.  The  old  plates  were  then  thoroughly  cleaned 
and  immersed  in  the  same  vessel  in  another  solution  from  the  same 
stock  bottle.  The  resistance  now  obtained  by  Kohlrausch's  method 
was  3.9  ohms.  The  areas  of  each  of  these  plates  was  60  sq.  cm. 
The  primary  circuit  was  closed  approximately  .08  of  a  second. 
Fig.  2  shows  the  relation  of  the  polarizing  electromotive  force  to 
the  current.  The  ratio  of  these  two  quantities  is  the  apparent 
resistance.  In  Fig.  3  resistances  are  plotted  as  ordinates  and  cur- 
rents as  abscissae.  The  upper  curve  gives  the  apparent  resistances. 
The  other  curves  give  resistances  after  allowing  for  the  polarization 
measured  after  regular  time  intervals.  The  curve  nearest  the  ap- 
parent resistance  shows  the  resistance  obtained  when  the  polariza- 
tion is  measured,  .00033  second  after  the  removal  of  the  polarizing 
electromotive  force.  This  is  the  usual  character  of  the  curve  ob- 
tained by  the  various  experimenters,  though  the  time  period  usually 
is  several  times  longer  than  .00033  second.  As  this  time  interval 
is  shortened,  the  resistances  diminish  and  show  less  variation  with 
changes  of  current.  Some  observations  are  shown  on  this  curve 
for  an  unknown  but  very  short  time  period,  the  data  for  which  are 
not  recorded.  For  more  minute  time  period  one  could  expect  the 
curve  for  resistance  to  run  parallel  with  the  axis  of  abscissae,  i,  e., 
the  resistance  would  be  the  same  for  all  currents  and  probably  the 
same  as  the  electrolytic  resistance.  Fig.  4  gives  the  relation  of 
polarization  and  of  resistance  to  time  for  four  different  electromotive 
forces.  As  is  apparent,  the  great  changes  all  occur  in  the  first  one- 
thousandth  of  a  second.  There  are  also  greater  changes  for  small 
than  for  large  electromotive  forces. 

Table  III.  gives  some  results  obtained  with  small  copper  plates 
with  one-tenth  the  area  of  the  previous  plates.     The  electrolytic 
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resistance  of  the  solution  by  the  Kohlrausch  method  was  8.5  ohms 
when  the  plates  were  clean  and  13.6^=0.4  when  they  had  stood 


Table  III. 


2Xio» 

R^ 

i 
E 

P 

-    .1387 

r 

12 

.1098 

13.36 

30 

.1049 

17.10 

60 

.1004 

19.51 

180 

.0955 

22.14 

f     —       'OOSM 

E  —     .3570 


12.36 
14.02 
15.86 
17.91 


in  the  solution  for  some  time.  In  this  experiment  the  plates  had 
stood  in  the  solution  twenty -four  hours.  The  results  are  shown 
graphically  in  curves  a  and  b,  Fig.  5. 


Tables  IV.  and  V.  give  results  for  plates  of  the  same  size  as  in 
Table  III.  The  data,  however,  are  for  plates  when  first  placed 
in  the  solution.  Oxidation  occurs  so  rapidly  that  it  was  impossible 
at  first  to  get  any  consistent  results.     The  resistance  increased  con- 
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tinually  as  indicated  both  by  the  potential  and  the  bridge  methods. 
In  twenty  minutes  the  plates  would  be  appreciably  colored  and 
had  to  be  recleaned.     The  fresh  prepared  plates  would  give  new 

Table  IV. 


R^ 

1 

E 

16.11 

.00050 

.0081 

15.2 

.00193 

.0283 

13.12 

.00454 

.0596 

12.55 

.00587 

.0737 

12.6 

.04580 

.6771 

11. 

.08980 

.9878 

Table  V. 


8 

18 

30 

60 

180 

300 

600 


Rw»\ 

I5.4« 

^t—  M.7X 

il 

:SP 

1  = 

.00587 
.0745 

p 

r 

p 

r 

.0119 

9.26 

.0217 

9.02 

.0083 

ILll 

.0083 

11.11 

.0147 

10.21 

,   .0062 

12.22 

.0123 

10.61 

.0064 

12.1 

.0102 

10.98 

.0054 

13.15 

.0087 

1L22 

/r»—  XX. 
I-    .0898 
J?"    .9878 


8.8 


9.2 


values  so  different  from  the  others  that  the  difference  could  not  be 
accounted  for  upon  the  ground  of  experimental  error.  Measure- 
ments were  then  taken  at  stated  intervals  and  when  these  were  ex- 
terpolated  to  zero  time  they  became  acceptably  uniform.  This 
indicated  that  the  plates,  if  always  cleaned  with  care  and  by  the 
same  method,  would  give  almost  the  same  resistance  when  first 
placed  in  the  solution.  The  effects  of  oxidation  increased  the  re- 
sistance fairly  uniformly  from  this  instant,  but  the  effects  were  no 
two  times  alike  and  hence  the  above  irregularities.  It  therefore 
became  necessary  to  clean  the  plates  for  each  determination.  The 
circuits  were  then  adjusted  for  the  measurement  of  polarization, 
the  plates  dropped  into  the  solution  and  about  two  seconds  later 
the    pendulum   allowed   to   swing.      The  adjustments  were   then 
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made  for  drop  over  voltameter,  V^  or  over  resistance,  R  of  30  ohms 
in  series  with  V,  and  after  a  definite  time  interval  the  pendulum 
was  again  dropped.  An  example  of  the  observations  for  fall  of  po- 
tential over  V  and  R  is  given  in  Table  VI.  and  shown  graphically 


Table  VI. 

rmin. 

Drop  over  30  ohms. 

Drop  over  V. 

.75 

• 

Yll,l 

1.5 
4.5 

27.6 

147. 

5.5 

i                   270. 

7.5 

268.4 

8.5 
10.5 

267.6 

171.6 

11.5 

1 

189. 

in  Fig.  6.  The  intercept  of  these  curves  on  the  y  axis  is  taken  for 
the  true  drop  over  R  and  V,  The  plates  were  then  recleaned  and 
the  keys  set  for  another  period  of  polarization  and  observations  re- 
peated. Any  slight  variation  in  voltameter  resistance  gives  a  cor- 
responding variation  in  applied  potential,  polarization  and  current 
The  mean  of  these  values  is  recorded  in  Table  IV.  A  more  com- 
plete set  of  obsei-vations  than  given  in  Table  V.  is  desirable,  but, 
owing  to  necessity  of  cleaning  the  plates,  to  obtain  such  a  set  is  an 
extremely  tedious  task.  The  data  for  resistance  in  Table  V.  are 
shown  graphically  in  curves  r,  d  and  €  of  Fig.  5.  Curves  a  and  b 
arose  from  polarizing  electromotive  forces  lying  between  the  poten- 
tials causing  the  polarization  d  and  e  and  that  is  where  a  and  b 
should  be  expected  to  fall  if  the  plates  used  in  Table  III.  had  been 
clean  instead  of  being  oxidized.  We  may  therefore  say  that  a  large 
part  of  the  effect  in  a  and  b  arises  from  a  change  in  the  condition  of 
the  surface  of  the  electrodes  and  consequent  changes  in  adjacent 
solution  and  that  the  effect  in  r,  d  and  e  arises  largely  from  the  true 
concentration  series. 

In  the  next  experiment  the  polarizing  electromotive  force  varied 
from  .0003  second  to  .1637  second.  The  copper  plates  were  the 
same  as  in  the  previous  experiment.  The  resistance  external  to 
voltameter  was  constant.     As  the  time  of  the  applied  electromotive 
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force  increased  the  polarization  also  increased  and  there  was,  there- 
fore, an  increase  in  the  terminal  electromotive  force.  This  occasions 
an  increase  in  the  apparent  resistance  of  the  voltameter  and  a  cor- 
responding decrease  in  the  current.  These  results  are  shown  in 
Table  VII.  For  each  polarizing  period  the  polarization  was  meas- 
ured at  different  intervals.  The  results  obtained  are  given  in  Table 
VIII.     Fig.   7  shows   the   results  graphically. 


Ty  represents  the 


.0003 
.0030 
0240 
0634 
.1637 


Table  VII. 


1 

Rn 

.001954 

16.84 

.001927 

23.12 

.001914 

38.10 

.001895 

48.64 

.001885 

54.13 

.0329 
.0430 
.0729 
.0923 
.1010 


Table  VIII. 


.00012 
.00030 
.00060 
.00120 
.00300 
.00600 
.01800 


r*—  .0003 

P       I   r 


7»=  .003 


I 


.0077 
.0067 
.0058 
.0058 
.0058 
.0056 
.0043 


12.90 
13.24 
13.89 
13.89 
13.89 
14.02 
14.69 


.0181 
.0152 
.0123 
.0093 
.0078 

.0075 


13.71 1 
15.21 1 
16.72  ! 
18.28  'I 
19.09  I, 

II 
19.54  1 


.0367 
.0302 
.0274 
.0257 
.0257 
.0221 
.0166 


-\- 


.094      'I 

'  ^\\ 

\y 
18.94  , 

22.32  ;' 

23.81 1 

24.71 1' 

24.71 

26.60'! 

29.49  I 


TV. 
P 


.0634 


7V-.xe37 

P      i       r 


.0529  1  20.44  '  .0725 
.0453  1  24.46  '  .0611 
.0425  I  25.96  | 
.0414  26.51  i,  .0575 
.0409  I  26.78  \  .0518 
.0388  '  27.88  l|  .0518 
.0300  I  32.52  I,  .0404 


15.66 
2L71 

23.63 
25.56 
26.66 
32.70 


r  by  alternating  current  ^  13.6. 

time  the  voltameter  was  polarized  and  Tp  the  time  elapsing  between 
breaking  the  circuit  and  measuring  of  the  polarization.  The  ordi- 
nates  represent  electromotive  forces  for  both  sets  of  curves.  The 
curves  with  ordinates  increasing  with  abscissae  each  correspond  to 
a  constant  Tp  and  variable  Ty.  For  the  remaining  curves  Ty  is  con- 
stant and  Tp  variable.  The  abscissae  are  nine  times  larger  for 
variable  Tp  than  for  variable  TV  The  former  show  the  decrease  of 
polarization  when  the  polarizing  electromotive  force  is  removed ; 
the  latter  show  the  increase  of  polarization  when  the  current  is  ap- 
plied to  the  voltameter. 
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Fig.  8  shows  the  value  of  r  as  ordinates  and  7^  as  abscissae.  They 
show  no  regularity  as  to  each  other.  With  more  accurate  meas- 
urements they  possibly  would  be  found  to  intersect  the  y  axis  at 
the  point  corresponding  to  the  electrolytic  resistance. 


15  Tv  X 100 


These  observations  show  clearly  the  rapid  formation  of  the  polar- 
ization and  that  polarization  arises  for  even  minute  current  thrusts 
and  for  alternating  currents.  At  first  the  current  produces  a  change 
at  the  contact  of  solution  and  electrodes.  It  then  effects  deeper 
layers  of  the  solution  and  the  effect  at  the  contacts  of  electrodes 
and  solution  increases,  but  less  rapidly.  This  gives  rise  to  further, 
but  smaller  increases  in  polarization.  Diffusion  diminishes  the  in- 
crease in  polarization  and  after  a  time  there  is  a  constant  potential 
between  the  terminals  of  the  voltameter  or  equilibrium  between  the 
diffusion  process  and  the  increase  in  potential.  On  open  circuit  the 
diffusion  still  continues  and  affects  most  rapidly  the  strata  nearest 
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the  electrodes  were  in  many  cases  a  reaction  occurs.  Therefore 
at  the  electrode  surfaces  the  changes  are  greatest.  When  all  the 
strata  affected  by  the  concentration  changes  are  extremely  thin, 
then  the  polarization  will  decrease  very  rapidly.  This  effect  is 
shown  in  the  polarization  curves  and  the  rapid  changes  of  the  ap- 
parent resistance  when  the  applied  current  was  very  small. 

When  the  currents  become  larger  there  are  concentration  changes 
farther  from  the  electrodes,  and  the  greater  the  distance  from  the  elec- 
trodes to  the  outlying  concentration  changes  the  less  P  will  diminish 
in  a  short  interval.  Therefore,  the  values  obtained  for  the  true  re- 
sistance when  large  currents  are  used,  provided  they  are  not  so  large 
as  to  complicate  the  phenomena,  correspond  more  nearly  to  values 
obtained  with  alternating  currents.  Since  the  circuits  were  not 
closed  long  enough  to  establish  a  maximum  of  polarization,  one 
might  anticipate  that  the  same  effect  would  be  produced  by  increas- 
ing the  length  of  time,  the  polarizing  electromotive  force  was  ap- 
plied. In  Table  VIII.  it  is  seen  the  polarization  does  increase  as  TV 
increases  and  that  the  residual  polarization  is  more  persistent  on 
open  circuit  for  the  larger  values  of  TV.  However,  when  the  cur- 
rent is  applied  for  a  longer  time  the  curve  for  apparent  resistance 
does  not  become  more  nearly  horizontal  but  becomes  more  bent 
This  would  indicate  that  as  the  polarizing  electromotive  force  in- 
creases and  the  current  decreases  the  part  of  the  polarization  at  the 
contact  of  the  electrode  and  the  solution  increases  more  rapidly 
than  the  part  farther  removed  from  the  electrodes.  Therefore, 
there  is  a  greater  change  in  polarization  for  about  the  same  current, 
when  the  time  for  the  polarizing  electromotive  force  is  increased. 
This  point,  however,  needs  further  investigation.  The  intercept  on 
the  y  axis  of  the  E  curve  divided  by  the  current  gives  the  electro- 
lytic resistance  as  measured  by  the  alternating  current  The  polari- 
zation curves  with  varying  TV  all  pass  through  the  origin.  The 
value  of  the  polarization  Ty  for  TV  =  o  would  be  difficult  to  exter- 
polate.  These  polarization  curves  approach  nearer  the  E  curve  as 
time  increases  and  makes  r  apparently  increase  and  later  decrease 
with  increasing  time.  This  may  be  due  to  some  inaccuracy  in  the 
measurements,  but  it  is  not  altogether  impossible  since  the  polariza- 
tion is  very  persistent  when  the  time  is  longer  as  indicated  by  the 
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curves  where  7^  is  variable.  The  curves  plotted  with  the  last  (actor 
as  variable  indicate  that  there  is  a  considerable  part  of  the  polariza- 
tion very  persistent.  There  is  a  part  also  which  diminishes  veiy 
rapidly,  and  which,  by  ordinary  methods,  has  not  been  observed 
The  former  probably  concerns  the  strata  of  the  concentration  series 
more  remote  from  the  electrodes.  The  latter  probably  arises  from 
the  outer  strata  of  the  concentration  series  adjoining  the  electrode, 
where  in  the  case  of  the  oxidized  plates  reaction  at  once  sets  in.  In 
case  of  clean  copper  plates  this  action  would  be  scarcely  noticeable, 
and  therefore  the  slight  variation  of  the  r,  d  and  e  curves.  Fig.  5. 
The  curves  and  the  data  also  indicate  that  if  the  true  maximum 
value  of  P  could  be  measured,  the  simple  formula  in  ordinary  use 
would  give  nearly  the  true  resistance  of  the  cell  for  all  currents. 
That  it  should  give  the  true  electrolytic  resistance  when  the  meas- 
urements are  very  accurately  measured  should  not  be  expected 
under  all  conditions.  For  concentration  changes  mean  layers  of 
different  conductivity  from  the  body  of  the  solution.  The  heating 
of  the  electrodes  may  not  be  altogether  negligible,  particularly  if 
either  electrode  is  small  and  current  density  large.  Gaseous  prod- 
ucts, and  a  change  in  the  aggregation  of  the  electrode  surface  also 
produce  changes,  since  the  current  must  either  pass  around  or 
through  them.  Such  phenomena  as  these  together  with  the  un- 
measured part  of  the  polarization,  constitute  what  has  been  desig- 
nated as  a  "transition  resistance."  It  is  always  desirable  to  have 
as  few  complications  as  possible. 

The  time  periods  here  used  are  so  short  one  can  estimate  the 
polarization  which  would  arise  when  an  alternating  current  of  slow 
frequency,  like  that  used  in  electrolytic  measurements,  is  applied. 
Let  us  assume  a  current  alternating  five  hundred  times  to  the  sec- 
ond, having  the  same  current  strength  as  used  in  this  experiment. 
Assume  the  average  electromotive  force  to  be  seven-tenths  of  the 
maximum.  Then  the  maximum  would  be  reached  in  .001  second 
and  the  polarization  would  therefore  be  about  .01  volt. 

It  is  the  author's  intention  to  farther  apply  this  method  to  thor- 
oughly oxidized  plates,  and  to  clean  electrodes,  if  oxidation  of  the 
latter  can  be  prevented.  Formaldehyde  is  recommended  by 
some  to  prevent  oxidation  and  will   be  tried.     Farther  tests  for 
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capacity ;  and  for  other  solutions  and  other  electrodes  are  desirable. 
To  diminish  the  time  period  much  more  will  not  be  possible  since 
the  shortest  time  already  is  near  the  limit  of  the  time  for  the  con- 
denser to  acquire  full  charge.  However,  a  change  in  the  apparatus 
so  as  to  obtain  greater  accuracy  in  the  measurement  of  the  time  is 
very  desirable.  The  method  is  also  applicable  to  measurement  of 
internal  resistance  and  polarization  in  primary  batteries. 

University  of  Nebraska,  June,  1899. 
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A   NEW   METHOD   OF   COMPARING  TWO   SELF- 
INDUCTANCES. 

Hubert  V.  Carpenter 

DURING  a  careful  study  of  the  more  recent  methods  of  measur- 
ing and  comparing  inductance  and  capacity  I  have  developed 
the  following  method  of  comparing  two  self-inductances  which  gives 
very  accurate  results.  Its  freedom  from  the  effects  of  other  induc- 
tances permits  its  use  for  the  comparison  of  very  small  values,  and 
of  values  which  are  very  different 

If  /j  and  /j  are  the  two  coils  whose  coefficients  of  self-inductance^ 
Zj  and  Zj,  are  to  be  compared,  connect  the  two  in  parallel  having  in 
series  with  one  of  them  a  variable  non-inductive  resistance.  Apply 
to  their  common  terminals  an  harmonic  electromotive  force.  This 
will  cause  currents  to  flow  through  the  coils  which  will  lag  behind 
the  impressed  electromotive  force  by  the  phase  angles : 

^^=tan     — » ,  and^  ,=  tan  '  -^  , 

in  which  R^  and  R^  are  the  total,  resistances  of  the  two  parallel 
branches  including  the  coils  /j  and  /j,  the  variable  resistance  in  one 
branch,  and  the  connecting  wires  ;  while  co  is  equal  to  2tz  times  the 
frequency  of  the  alternating  current  or  2Tzn,     This  shows  that  when 

the  two  ratios  — — i  and  -~   '  are  equal  the  two  currents  in  the  par- 

allel  branch  will  be  in  the  same  phase.     If,  then,  we  can  by  any 

means  produce  and  detect  this  condition  of  phase  equality,  we  get 

at  once  the  relation  between  the  two  inductances.     It  is  simply, 

ioL,        (oL^  L,        R. 

-_ls=--*,or  — ^=. 

/?!  R^  Z,       y?2 

The  two  primary  currents  can  be  brought  into  phase  equality  by 

varying  the  non-inductive  resistance  in  one  of  the  branches.     This 

condition  can  be  detected  in  the  following  manner :    Introduce  a  sec- 
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Fig.   1. 


ondary  circuit  which  is  made  up  of  two  equal  coils,  s^  and  s^,  of  many 
turns,  and  a  telephone,  all  connected  in  series.  Place  coil  s^  close 
and  parallel  to  Z^,  coil  s^  close  to  l^  The 
currents  in  /^  and  /,  then  induce  electro- 
motive forces  in  j^  and  s^  respectively. 
The  geometric  sum  of  these  two  secon- 
dary electromotive  forces  will  cause  a 
current  through  the  telephone.  Sup- 
pose, however,  the  coils  s^  and  s^  to  be 
so  connected  that  when  the  currents  in 
/j  and  /j  are  in  phase  with  each  other, 
the  induced  electromotive  forces,  Es^  and 
Es^  will  be  opposed  to  each  other  in  the 
secondary  circuit.  The  resultant  secon- 
dary electromotive  force,  Es^  will  then 
be  equal  to  Es^—Es^\  or,  if  these  be 
made  equal,  will  be  zero.  This  condition  will  be  detected  by  the 
silence  of  the  telephone. 

This  silence  indicates  two  things  :   ist,  that  the  two  primary  cur- 
rents,  C7j  and   Cl^,  are   in   the  same   phase ;    2d,  that  Es^  =  Es^, 

Since  the  first  condition  is  true,  when  ^^r  =  "  d~»  i^  can  be  made 

true  by  varying  R^  or  R^.  The  second  condition  may  be  secured  by 
varying  the  relative  position  of  one  of  the  secondary  coils,  5,  for  in- 
stance, with  respect  to  its  primary.  This  will  change  the  electro- 
motive force  induced  in  it,  and  if  it  be  moved  back  and  forth  until  a 
position  is  found  where  the  hum  in  the  telephone  is  a  minimum  or 
zero  we  know  that  it  is  so  placed  that  Es^  =  Es^,  If  this  adjust- 
ment does  not  give  silence  but  only  a  minimum  sound  in  the  tele- 
phone it  shows  us  that  the  two  electromotive  forces,  Es^  and  Es^, 
are  not  in  exact  opposition.  This  means  that  the  two  primary  cur- 
rents, C7j  and  C/^,  are  not  in  the  same  phase  and  so  R^  or  R^  must 
be  changed.  After  the  value  of  R^  or  R^,  and  the  position  of  S^ 
have  been  adjusted  so  as  to  give  silence  in  the  receiver,  it  is  only 

necessary  to  know  -~-    to  get  -—- . 

The  proper  position  of  S^  can  be  found  so  quickly  that  the  work 
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of  obtaining  a  balance  is  but  little  more  tedious  than  in  the  Wheat- 
stone's  bridge.  When  using  the  telephone  as  a  current  detector, 
however,  there  is  no  means  of  knowing  which  way  R^  or  /?,  must 
be  varied  to  reduce  the  phase  difference  between  C7j  and  Cl^  This 
corresponds  to  the  same  weakness  of  the  telephone  when  used  in 
the  Wheatstone's  bridge. 


Fig.  2. 


Fig.  3. 


The  phase  relations  of  the  currents  and  electromotive  forces  just 
discussed  may  be  seen  upon  the  two  phase  diagrams.  Fig.  2  and 
Fig.  3.  In  these  diagrams  the  vectors  represent  by  their  length  the 
maximum  values  of  the  currents  and  electromotive  forces,  while 
their  directions  indicate  their  respective  phases.  The  instantaneous 
values  of  all  the  quantities  at  any  instant  is  given  by  the  lengths  of 
the  projections  of  their  respective  vectors  upon  a  moving  vector 
which  rotates  in  the  clockwise  direction  through  the  entire  360*^ 
with  each  cycle  of  the  current.  According  to  this  the  secondary 
electromotive  force,  Es^,  reaches  its  maximum  one  quarter  of  a 
cycle  later  than  the  current  Cl^  which  induces  it,  as  it  should.  The 
vector  Es^  is  shown  reversed  or  180°  out  of  its  true  position.  This 
corresponds  to  the  physical  condition  of  being  connected  in  series 
with  Es^  in  such  a  way  that  they  oppose  each  other.     As  may  be 
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seen  from  the  two  diagrams,  the  resultant  secondary  electromotive 
force  may  have  any  phase  whatever  and  varies  with  every  change  in 
the  value  of -^,  or  R^,  or  in  the  position  of  the  coil  S^ 

Careful  tests  were  made  of  the  method  in  this  form.  With  a 
fairly  good  telephone,  whose  resistance  was  much  too  low  for  the 
greatest  sensitiveness,  successive  comparisons  could  be  made  to 
agree  within  one-half  of  i  per  cent  without  difficulty. 

In  order  that  these  results  may  not  only  agree  among  themselves, 
but  may  be  correct,  the  apparatus  must  be  so  arranged  that  there 
shall  be  no  appreciable  inductive  effects  except  those  which  are  ac- 
counted for.  To  do  this  the  two  coils  under  comparison,  /j  and  /,, 
which  carry  fairly  large  currents,  must  be  so  placed  as  to  prevent 
mutual  inductance  between  them.  This  was  accomplished  by  placing 
them  about  two  meters  apart  and  in  mutually  perpendicular  planes. 
Tests  were  made  which  showed  this  to  be  effectual.  The  lead  wires 
from  the  source  of  the  primary  current  to  the  point  where  the  cir- 
cuit divided  were  made  up  of  twisted  lamp  cord  and  were  kept  as 
far  as  possible  from  the  coils.  The  leads  to  each  coil  from  this  di- 
viding point  were  placed  about  one  centimeter  apart  and  crossed 
over  at  frequent  intervals.  In  comparing  coils  of  low  inductance  it 
would  be  best  to  use  lamp  cord  here  also,  as  the  effect  of  capacity 
would  be  very  small  compared  with  the  inductive  effect  of  the  large 
current. 

Any  current  which  flows  in  the  secondary  circuit  will,  of  course, 
react  upon  the  primary  currents,  but  when  a  balance  is  reached  the 
secondary  current  disappears,  and  with  it  its  disturbing  influence. 
The  secondary  electromotive  forces  remain,  however,  and,  together 
with  the  distributed  capacity  in  the  secondary  coils,  will  set  up  a 
small  local  current  in  each  coil.  The  amount  of  this  hidden  cur- 
rent is  hard  to  estimate.  It  depends  upon  the  capacity  of  the  coil, 
which  we  can  do  no  more  than  estimate,  and  its  value  is  different 
at  every  point  along  the  conductor.  It  can  easily  be  shown  to  be 
very  small  however.  Two  pairs  of  coils  were  used  at  different 
times  as  secondaries,  one  pair  of  300  turns  each  of  No.  25  B.  &  S. 
wire  and  about  30  cm.  in  diameter  ;  the  other  pair  of  3000  turns 
each  of  No.  30  wire  and  about  10  cm.  in  diameter.  The  latter 
were  made  up  of  50  layers  of  60  turns  each.     If  we  were  to  con- 
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sider  each  layer  as  a  plate  of  a  condenser  with  alternate  plates  con- 
nected together  the  calculated  capacity  would  be  about  .012  micro- 
farad. In  the  coil,  however,  the  difference  in  potential  between 
layers  is  only  about  one-fiftieth  of  the  potential  across  the  terminals 
of  the  coil  so  the  effective  capacity  will  be  something  like  .0002 
microfarad.  Suppose  the  total  electromotive  force  induced  in  the 
coil  to  be  as  great  as  50  volts  or  one  volt  per  layer,  and  assume 
that  the  resistance  and  self-induction  of  the  coil  does  not  prevent 
it  from  becoming  fully  charged  at  each  impulse  of  the  current. 
Then,  if  the  current  in  the  primary  passes  through  sixty  cycles  per 
second  the  local  current  in  each  secondary  coil  will  be  : 

r  Q         EC  u       .  -t 

/=  -  =  —  =  120  X   I.   X   .OOOOOCXXXD2  or  about  24.  x  10 

amperes.  If  the  coils  of  300  turns  each  were  used  the  local  current 
would  be  much  less  than  this.  If  this  estimate  be  correct  it  shows 
that  the  reactive  effect  of  these  local  currents  upon  the  primary  coils 
is  entirely  negligible.  Further,  it  is  easily  seen  that  both  primary 
coils  are  affected  in  the  same  way  so  that  if  the  primaries  were 
equal  the  error  would  be  zero.  Tests  were  made  with  both  pairs 
of  secondary  coils  upon  the  same  primaries  and  the  fact  that  no 
difference  in  the  results  due  to  the  change  if  secondaries  could  be 
detected  gives  experimental  evidence  that  the  effect  of  the  local 
currents  is  not  measurable. 

The  next  step  in  the  development  of  the  method  was  to  replace 
the  telephone  by  the  electro-dynamometer.  This  required  consid- 
erable change  in  details,  but  the  principle  remains  the  same,  and  the 
results  showed  a  marked  improvement  in  accuracy.  The  ordinary 
dynamometer  having  both  coils  connected  in  series  is  not  sensitive 
to  small  currents,  so  a  special  instrument  was  used,  in  which  the 
fixed  coil  was  made  up  of  600  turns  of  No.  25  wire,  and  the  sus- 
pended coil  of  380  turns  of  No.  36.  The  latter  was  suspended  by 
a  phosphor  bronze  strip  of  about  three  circular  mils  cross-section 
and  ten  inches  in  length.  This  suspension  strip  and  a  similar  strip 
in  a  loose  spiral  below  the  coil  formed  the  connecting  wires  to  the 
suspended  coil.  These  strips  would  carry  about  .01  ampere  for  a 
short  time,  while  the  fixed  coils  of  the  instrument  would  safely  carry 
1,000  times  as  great  a  current  for  the  same  length  of  time.     No 
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metal  was  used  in  the  instrument  near  the  coils  except  the  conduc- 
tors themselves,  because  it  was  designed  for  use  in  testing  Professor 
Rowland's  phase  angle  methods.  In  the  new  method  it  is  used 
only  to  detect  small  currents,  and  for  this  could  be  improved  by 
adding  more  turns  to  the  suspended  coil  and  an  iron  core  to  the 
fixed  coils. 

The  small  secondary  current,  which  is  to  be  made  zero,  is  passed 
through  the  suspended  coil,  and  the  heavy  primary  current  through 
the  fixed  coils  of  the  dynamometer.  In  this  way  the  instrument 
was  made  sensitive  to  currents  of  about  io.~®  amperes.  The  direc- 
tian  of  the  deflection  of  the  suspended  coil  reverses  when  the  phase 
of  the  current  in  either  coil  is  changed  by  1 80°,  so  the  instrument 
will  give  an  indication  concerning  which  way  the  resistances  of  the 
primary  branches  must  be  changed  to  bring  the  balance  nearer. 
This  is  another  advantage  over  the  telephone.  One  peculiarity  of 
the  dynamometer  must  be  remembered,  however.  If  the  two  cur- 
rents in  the  two  coils  differ  by  90°  in  phase  there  will  be  no  deflec- 
tion. It  becomes  necessary,  then,  to  distinguish  between  a  zero  de- 
deflection  due  to  zero  secondary  current  and  a  zero  deflection  due  to 
90®  phase  difference  between  the  primary  and  secondary  currents. 
The  phase  relations  between  these  two  currents  may  be  seen  in  the 
phase  diagrams.  Figs.  2  and  3.  We  see  that  without  some  other  ar- 
rangement it  is  impossible  to  tell  whether  the  dynamometer  is  indi- 
cating zero  secondary  current  or  90®  phase  difference.  This  difficulty 
was  met  in  the  following  way :  A  non-inductive  shunt,  R^,  was 
connected  across  the  terminals  of  the  fixed  coils  of  the  dynamometer, 
with  a  key  in  its  circuit  so  that  it  could  be  cut  out  at  will.  When 
this  is  connected  the  main  primary  current  is  divided  between  the 
two  paths,  and  since  the  coils  have  considerable  inductance  while 
the  shunt  has  not,  the  current  in  the  fixed  coils  will  lag  behind  the 
total  primary  current  by  a  considerable  angle.  The  currents  and 
electromotive  forces  of  the  coils,  /p  Z^,  s^,  s^,  do  not  change  their  rel- 
ative phases  in  any  way  when  this  shunt  connection  is  made,  so  the 
result  is  that  the  difference  in  phase  between  the  two  dynamometer 
currents  is  altered.  If  it  was  90°  before  the  shunt  was  connected, 
it  must  be  something  more  or  less  afterwards,  and  unless  the  sec- 
ondary current  is  zero,  there  will  be  a  deflection  of  the  suspended 
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coiL     This  result  could  have  been  attained  easily  in  other  ways,  but 
this  seemed  the  simplest  and  proved  very  satisfactory. 


K,   'B 


Fig.  4. 

The  connections  as  finally  used  are  shown  in  the  large  diagram, 

Fig.  4. 

The  theory  so  far  given  is  dependent  upon  the  assumption  that 
the  electromotive  force  impressed  upon  the  primary  circuit  is  an 
harmonic  function  of  the  time.  Since,  however,  the  ratio  of  induc- 
tance to  resistance  in  the  two  branches  of  the  primary  circuit  are 
made  the  same  at  the  final  balance,  it  is  true  that,  no  matter  what 
electromotive  force  is  applied  to  their  common  terminals  the  cur- 
rents in  the  two  branches  will  rise  and  fall  together.  The  two  sec- 
ondary electromotive  forces  will  then  have  the  same  wave  form  and 
phase,  and  can  be  made  to  neutralize  each  other  completely.  This 
was  shown  to  be  true  experimentally  by  the  fact  that  when  a  balance 
had  been  obtained  by  the  use  of  the  dynamometer  and  an  alternat- 
ing current,  no  sound  would  be  heard  in  the  telephone  when  an  in- 
terrupted current  was  used.  This  extreme  test  is  certainly  ample 
verification.  The  question  of  the  source  of  the  electromotive  force 
is  now  an  easy  one,  for  any  alternating  current  of  any  frequency, 
wave  form,  or  degree  of  unsteadiness  may  be  used.  The  tests  given 
herewith  were  made  with  current  from  a  two-phase,  60-cycle,  West- 
inghouse  generator.     No  tests  of  the  wave  form  were  made  but  the 
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makers  state  that  it  differs  from  a  sine  curve  by  less  than  five  per 
cent,  at  every  point. 

Let  us  consider  the  conditions  under  which  the  method  will  give 
the  best  results.  In  short,  what  is  the  relation  between  L^  and  R^, 
or  between  L^  and  R^^  for  maximum  sensitiveness  ?  The  resultant 
electromotive  force  in  the  secondary  circuit,  E^,  also  the  secondary 
current,  dT,  upon  which  the  observations  depend,  varies,  for  small 
differences,  with  the  angle  of  phase  difference  between  C7,  and  Cl^ 
For  maximum  sensitiveness  a  given  small  change  in  the  value  of 
/?j  or  /?2  should  produce  a  maximum  change  in  this  angle,  ^,  of 
phase  difference ;  or,  the  rate  of  change  of  R^  with  respect  to  0 
should  be  a  minimum.  6  is  equal  to  <p^  —  f>,,  where  f^  and  y ,  are 
the  phase  angles  by  which  the  currents  Cl^  and  Cl^  lag  behind  the 
primary  electromotive  force,  and  to  produce  a  change  in  0  we 
change  either  ^^  or  tp^  while  the  other  is  unaltered.  It  follows  then 
that  a  given  change  in  tp^  will  produce  an  equal  change  in  0.  This 
being  true  we  can  say  that,  for  maximum  sensitiveness,  the  rate  of 
change  of  R^  with  respect  to  ^,  must  be  a  minimum. 

The  relation  between  R^  and  <p^  is, 

(oL, 
^"  f  1  =  ^ 

or,  R^  =  a>Zj  cot  <p^ 

The  rate  of  change  of  /?j  with  respect  to  <p^  is  then  : 

dip,  '      ^^ 

This  rate  will  be  a  minimum  when  : 

-J— j-  =  o,  or  when  2(oL  cot  (pi^sc^fi  =  o. 

Substituting  for  the  trigonometric  functions  their  values  in  terms  of 

wL.  and  R.  we  have, 

_        R,        R,'  +  a>'L,'      ^ 

Since  i?j  is  the  only  variable  included  in  the  expression  we  see  that 
the  most  accurate  results  will  be  attainable  when  the  resistances  i?j 
and  i?,  are  as  near  zero  as  possible.     In  other  words,  the  greater 
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the  angle  by  which  the  primary  currents  lag  behind  the  electromo- 
tive force  the  greater  will  be  the  accuracy  of  the  results.  The 
formulae  also  show  that  the  sensitiveness  when  the  primary  currents 
lag  45^  is  one-half  of  the  theoretical  maximum.  This  is  attainable 
in  the  case  of  most  ordinary  coils  with  a  frequency  of  sixty. 

As  may  be  seen  from  Fig.  4  the  telephone  and  dynamometer 
were  connected  so  that  either  could  be  used  in  the  secondary  cir- 
cuit. In  practice  the  telephone  was  used  in  the  preliminary  adjust- 
ments and  the  dynamometer  for  obtaining  the  balance.  The  post- 
office  box  was  connected  to  the  central  posts  where  the  leads  to  the 
primary  coils  were  joined  and  as  soon  as  an  adjustment  was  com- 
pleted a  lead  wire  of  one  coil,  say  /p  was  disconnected  and  the  re- 
sistance of  /j  measured  ;  then  /^  was  disconnected  and  l^  reconnected 
and  its  resistance  measured.  In  this  way  /?,  and  R^  were  deter- 
mined before  any  appreciable  change  could  occur  for  care  was  al- 
ways taken  to  avoid  heating  the  coils.  The  postoffice  box  used 
was  the  best  in  the  laboratory  and  can  be  depended  upon  to  give 
results  within  ^^  Jfc  of  the  correct  values  while  the  ratios  given  by 
it  are  considerably  more  accurate  because  the  two  resistances  were 
measured  under  the  same  conditions  and  as  far  as  possible  the  same 
coils  in  the  box  were  used.  The  resistances  given  below  have  all 
been  corrected  for  the  resistance  of  the  leads  from  the  postoffice 
box  to  the  common  terminals  of  the  coils. 

The  inductances  of  five  different  coils  were  compared.  The  coils 
will  be  designated,  /j,  Z^,  l^,  /,,  and  /^,  with  inductances,  Zj,  Z,,  Z^, 
Z^  and  Zg,  respectively.  Coils  ly  and  4  were  wound  in  regular 
layers  in  a  rectangular  groove  cut  in  a  disk  of  plaster  of  pans,  and 
their  dimensions  accurately  determined  so  that  their  inductances 
could  be  calculated.  Coil  l^  was  made  up  of  70  turns  in  7  layers 
of  No.  20,  B.  &  S.  gauge,  single  silk-covered  copper  wire.  Its  mean 
diameter  was  38.605  cm.  Calculated  inductance,  Zj  =  .0049046 
henry. 

Coil  /j  was  made  up  of  8  turns  in  2  layers  of  No.  158.  &  S 
gauge,  double  cotton-covered  copper  wire.  Its  mean  diameter  was 
38.681  cm.  Calculated  inductance,  Z,  =  .0000726  henry.  These 
inductances  were  calculated  by  the  formula  due  to  Maxwell  and 
Stefan.*     The  value  calculated  for  Zj  was  assumed  to  be  correct 

1  Stefan,  Wicd.  Ann.,  V.  22,  p.  107,  Apr.,  1884. 
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and  made  the  basis  for  finding  the  values  of  the  others  from  the 

ratios. 

on  wooden  frames. 


Coils  /j,  /^  and  l^  were  of  unknown  dimensions  and  wound 


Data.     Table  I. 

COMPARISON  OF  COILS  /i  AND  /,. 


R^ 

R* 

A. 

3.1574 

27.865 

.043285 

3.1198 

27.559 

.043324 

3.1104 

27.479 

.043327 

3.0940 

27.363 

.043375 

3.0690 

27.115 

.043330 

Average  = 

.043328 

Probable  error  =  .000010     = 

.02  -1-  per  cent 

Table  II. 

COMPARISON  OF  COILS  /,.AND  Z^. 


R 

R^ 

^4 

2.9785 

30.828 

.050762 

2.9900 

30.985 

.050825 

3.0212 

3L209 

.050662 

3.0380 

31.459 

.050790 

.  2.9911 

30.978 

.050793 

2.9068 

30.038 

.050682 

2.9542 

30.594 

.050790 

2.9357 

30.427 

.050830 

Average  = 

.050767 

Probable  t 

rror=. 000014     =^ 

.03  —  per  cent. 

Table  III. 

COMPARISON  OF  COILS   /,  AND  /^. 


R^ 

R^ 

^4 

26.855 

31.450 

.050741 

26.905 

3L547 

.050802 

26.897 

31.540 

.050808 

26.873 

31.427 

.050665 

26.800 

31.406 

.050774 

27.023 

31.647 

.050740 

26.915 

3L513 

.050730 

26.950 

3L520 

.050675 
Average  = 

Probable  e 

rror  =  .000012     = 

^ 

S 

0«^-|| 

II 

^4* 

0507445 

02  + per 

cent. 
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Table  IV. 

COMPARISON  OF  COILS  l^  AND  /,. 


Rx 

R^               1               ^. 

1 

3.1641 

.26870            1        .00041650          \ 

3.1800 

.26911            1        .00041510 

3.1905 

.27033            ,        .00041555 

3.1847 

.27009 

.00041593 

3.1838 

.26996 

.00041585 

3.1775 

.27013 

.00041695 

3.2108 

.27266 

.00041650 
Average  .= 

.00041605 

Probable  error  =  .00000016     = 

.04  —  per  cent. 

Table  V. 

COMPARISON  OF  COILS  /,   AND  4. 

R. 

R* 

L^ 

.76554 

.uvn 

.000071615 

.76513 

.13182 

.000071680  •    ; 

.76579 

.13185 

.000071628 



Average  = 

.000071641 

The  values  given  for  L^  in  Table  V.  are  based  on  the  value  of  Z, 
found  in  Table  IV.  This  depends  upon  the  calculated  value  of  Z^, 
so  that  in  the  approximate  agreement  between  the  above  value  and 
the  calculated  value  of  Zj  we  have  an  inaccurate  check  upon  the 
correctness  of  both.     Table  III.  gives  a  direct  check  upon  the  cor- 


rectness of  the  ratios 


j^  and  y^.    From  the  data  there  given  the 

ratio  of  Z3  to  Z^  is  obtained,  and  the  values  of  Z^  given  are  based  upon 
the  value  of  L^  obtained  in  Table  I.  The  two  values  Z^  differ  by 
0.059^,  but  this  represents  the  combined  error  in  three  independent 
sets  of  observations. 

The  method  here  outlined  might  also  be  applied  to  the  compari- 
son of  two  capacities  by  connecting  one  in  series  with  each  primary 
coil  /,  and  /,.  The  results,  however,  would  require  correction  for 
the  inductances  Z^  and  Zj,  and,  further,  unless  the  two  condensers 
were  exactly  similar  in  construction,  the  result  would  be  in  error, 
because  of  the  unequal  rates  of  absorption. 

Physical  Laboratory,  University  of  Illinois,  April,  1899. 
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NEW  BOOKS. 

Lehrbtuh  der  Experimentalphysik,  Vierter  Band  ;  Die  Lehre  von 
der  Strahlung,  By  Adolph  WOllner.  Leipzig:  B.  J.  Teubner, 
1899. 

The  fourth  volume  of  the  fifth  edition  of  this  standard  treatise  deals 
with  radiation.  Its  new  title  differs  from  that  of  the  corresponding  vol- 
ume of  the  earlier  editions,  which  was  entitled  Die  Lehre  votn  Lichte, 
The  work  has  grown  in  the  attempt  to  incorporate  the  results  of  the 
most  important  newer  investigations  from  624  pages  in  the  third  edition 
of  1875,  to  1,042  pages  in  the  edition  of  1899. 

This  volume  shows  indeed  a  greater  amount  of  new  material  than  any 
of  the  other  volumes  of  this  edition,  and  while  the  plan  of  the  work  re- 
mains unchanged,  one  is  pleased  to  recognize  the  introduction  of  full 
and  very  satisfactory  descriptions  of  such  investigations  as  that  of  Wie- 
ner, on  ''Standing  Light  Waves,"  of  Kerr  on  ** Electro-optic  Double 
Refraction,**  of  Drude  and  of  Rubens  on  **  Metallic  Refraction,**  etc. 

The  most  important  portions  of  Zeemann*s  work  on  the  influence  of 
*'  Magnetization  and  the  Emission  of  Light,**  appeared  too  late  to  find  a 
place  in  this  edition,  but  his  earlier  papers  of  1897  are  briefly  described. 

E.  L.  N. 

Ostwald's  Klassiker  der  Exakten  Wissenschaften,  No.  99,  Ueber 
die  Bewegende  Kraft  der  Wdrmey  by  R.  Clausius.  No.  100,  Ab- 
handlungen  uber  Emission  und  Absorption^  by  G.  Kirchhoff.  Edited 
by  Professor  Max  Planck.     Leipzig :  Wilhelm  Englemann,  1898. 

With  these  two  volumes,  this  well-known  series  of  German  scientific- 
reprints  reaches  its  looth  number.  Of  the  two  memoirs  selected  by  the 
editor.  Professor  Planck,  for  reprinting,  the  papers  of  Kirchhoff  were 
perhaps  more  in  need  of  being  brought  into  convenient  and  accessible 
form  than  the  well-known  work  of  Clausius,  on  the  **  Motive  Power  of 
Heat.**  Both  indeed  are  easily  accessible  in  German,  the  latter  having 
been  reproduced  in  the  first  edition  of  Clausius*s  treatise  while  Kirch' 
hofFs  memoirs  are  to  be  found  not  only  in  the  Transactions  of  the  Ber- 
lin Academy  of  Science,  a  set  which  is  not  always  at  one*s  disposal,  but 
likewise  in  his  volume  of  Gesammelten  Abhandlungen.  Of  Clausius 
paper  there  exist  at  least  three  literal  English  versions.     The  value  to 
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science  in  these  reprints  will  be  found,  therefore,  rather  in  the  two  brief 
notes  of  the  editor  than  in  the  reproduction  of  the  texts  themselves. 

E.  L.  N. 

Inorganic  Chemical  Preparations,  By  Felix  Lengfkld.  Pp.  xvii+ 
55.     New  York,  The  Macmillan  Co.,  1899.     {Received,) 

Laboratory  Manual.  Experiments  to  illustrate  the  Elementary  Princi- 
ples of  Chemistry.  By  H.  W.  Hillyer.  Pp.  vi+200.  New  York, 
The  Macmillan  Co.,  1899.     {Received,) 
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THE   INFLUENCE   OF  ELECTRIFICATION   UPON   THE 
SURFACE  TENSION  OF  WATER  AND  MERCURY.^ 

By  Ernest  Merritt  and  Samuel  J.  Barnett. 

THE  investigations  of  Exner  and  Tuma,'  Warburg,*  G.  Meyer/ 
Luggin,*  S.  Meyer,^  Nemst/  Behn,®  S.  W.  J.  Smith,'^  and  many 
others  have  established  beyond  reasonable  doubt  that  the  electro- 
capillary  phenomena  occuring  at  the  interface  between  a  liquid 
metal  and  an  electrolyte,  in  a  capillary  electrometer,  for  example, 
are  due  almost  entirely  to  true  alterations  of  surface  tension  result- 
ing from  the  chemical  changes  of  electrolysis.  There  are  many 
other  electrocapillary  phenomena,  however,  which  are  undoubtedly 
caused  largely,  if  not  wholly,  by  the  ekctrostatic  forces  that  ire  de- 
veloped by  the  presence  of  a  charge  upon  the  liquid  surface.  Thus 
when  electrified,  a  soap  bubble  expands,  a  globule  of  mercury  be- 
comes more  flattened,  the  wave  pattern  of  a  liquid  jet  issuing  from 
an  elliptical  aperture  becomes  more  elongated,**^  etc.,  etc.  In  such 
cases  the  effect  of  electrification  is  usually  similar  to  that  which 
would  be  produced  by  a  diminution  of  the  surface  tension.     This 

*  A  paper  read  before  the  American  Physical  Society,  December  28,  1S99. 
«Wicn.  Bcr.  97  I  la,  p.  923,  1888. 

»Wied.  Ann.  38,  p.  321,  1889;  ibid.,  41,  p.  I,  l8;o. 

♦  Wied.  Ann  45,  p.  508,  1892;  ibid.,  53,  p.  845,  1894 ;  et  al. 
•Wien  Ber.  102  Ila,  p.  913,  1893. 

•Wicn.  Bcr.  105  Ila,  p.  139,  1896. 

^  Zeitschrift  fUr  Elektrochemie,  4,  p.  29,  1897. 

•Wied.  Ann.  61,  p.  1897. 

»  Proc.  R.  S.  L.  64,  p.  253,  1899. 

"Phil.  Mag.  Sept.  1882,  p.  1S6. 
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fact  is  probably  due  to  the  universal  employment  of  convex  surfaces 
in  such  experiments ;  in  the  case  of  a  concave  charged  surface  a 
consideration  of  the  electrostatic  forces  would  lead  us  to  expect  an 
apparent  increase  in  the  strength  of  the  surface  film. 

To  determine  whether,  in  addition  to  this  electrostatic  effect, 
there  exists  a  true  effect  of  electrification  upon  the  surface 
tension  of  a  liquid,  investigations  must  obviously  be  made  by 
methods  which  make  the  calculation  of  the  purely  electrostatic  ef- 
fect feasible,  so  that  it  may  be  eliminated  from  the  total  effect. 
Several  earlier  investigations  bearing  upon  the  existence  and  magni- 
tude of  a  true  change  in  surface  tension  produced  by  electrification, 
although  quite  inconclusive  so  far  as  such  an  effect  is  concerned, 
were  reviewed  by  one  of  us  in  a  recent  paper.  ^  This  paper  also  de- 
scribed a  new  and  more  elaborate  investigation  of  the  same  problem, 
and  showed  that  the  effect  in  question,  if  it  exists  at  all,  is  much 
smaller  than  previously  supposed.  As  the  theory  of  the  method 
used  had  not  been  fully  developed  at  the  time  of  publication,  no 
more  definite  conclusion  could  then  be  drawn.  To  complete  this 
theory,  and  by  means  of  it  to  give  the  observations  their  final  dis- 
cussion, is  the  object  of  the  present  communication. 

For  a  detailed  account  of  the  experiments,  reference  must  be 
made  to  the  paper  already  mentioned.  It  is  sufficient  to  state  here 
that  Che  tension  of  the  liquid  surfaces,  uncharged  and  charged  to 
known  electrical  densities,  was  investigated  by  the  method  of  capil- 
lary ripples,  in  a  form  capable  of  giving  the  surface  tension  of  un- 
electrified  water  with  an  accidental  error  not  greater  than  0.0556.* 
When  the  liquids  were  electrically  charged,  either  positively  or  nega- 
tively, the  velocity  of  the  capillary  waves  was  found  to  be  less  than 
when  the  surface  was  unelectrified.  In  the  case  of  water  this  ob- 
served change  would  correspond  to  a  diminution  in  surface  tension 
of  about  4^  for  a  surface  density  of  1.75  electrostratic  units.  For 
mercury  the  apparent  change  was  not  so  great,  being  slightly  less 
than  \^  for  a  surface  density  of  2.33.  It  is  to  be  observed,  in  ac- 
cordance with  what  has  been  said  above,  that  the  results  cited  do 
not  necessarily  prove  the  existence  of  a  real  change  in  surface  ten- 

»  Bamett,  Physical  Review,  6,  p.  257,  1898. 
*  Bamett  1.  c,  p.  263. 
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sion ;  for  the  electrostatic  forces  acting  upon  a  charged  surface 
would  cause  a  diminution  in  the  velocity  of  capillary  ripples  even  if 
the  surface  tension  remained  unaltered.  In  order  to  determine 
whether  a  real  change  in  surface  tension  results  from  electrification, 
we  must  take  account  of  the  electrostatic  forces  in  deriving  the  rela- 
tion between  surface  tension  and  velocity. 

To  determine  the  velocity  of  capillary  ripples  we  have  the  gen- 
eral equation* 

where  p  is  the  density  of  the  liquid,  h  the  displacement  of  the  point 
considered  above  its  equilibrium  position,  8p  the  resulting  increment 
of  pressure  at  the  surface,  ip  the  velocity  potential,  and^  the  accel- 
eration of  gravity. 

If  ip  is  due  to  capillarity  only,  we  have 

T  being  the  surface  tension  ;  and  equation  (i)  becomes 

Td^h         ,      dip 

For  the  case  of  plane  sine  waves  such  as  we  have  supposed,  this 
gives  for  the  velocity  v 

I  being  the  depth  of  the  liquid,  X  the  wave-length,  and  ^  =  -r-. 

In  the  experiments  with  which  we  are  concerned  the  value  of  / 
was  such  that  tanh  kl  differed  from  unity  by  less  than  one  part  in 
2000,  and  we  may  put 

k  p 


with  an  error  less  than  the  experimental  error 


s 


»  Rayleigh,  Treatise  on  Sound,  Vol.  II,  {  353,  Second  edition. 
"Rayleigh,  Treatise  on  Sound,  Vol.  II,  {  353,  Second  eJilion. 
>Barnett  /.  r.,p.,  263. 
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If  the  wave  frequency  is  n  we  have  v  =  nk,  and  the  final  expres- 
sion for  the  surface  tension  becomes 


27:  \  2*T  / 


(3) 


When  the  surface  of  the  liquid  is  charged,  however,  a  pressure 

2na^ 
j^  is  developed  in  addition  to  that  due  to  capillarity,  a  being  the 

electric  surface  density  and  K  the  dielectric  constant  of  the  medium 
above  the  waves.  In  order  to  obtain  the  whole  increment  of  pres- 
sure, dp,  resulting  from  the  displacement  A,  it  is  therefore  necessary 

3^h                     2;r  ox     ,  .     , 

to  add  to  —  y   -j-^  a  term -^  ( ^  —  V  )  w*^^''^  ^o  '^  ^"^  surface 

density  of  the  charge  on  the  undistorted  surface.  In  the  place  of 
equation  (2)  we  have  therefore,  in  this  case, 


T  ^h      2n   .^         -  ^         ,       dip 


p  dx"^  Kp' 


dt 


(4) 


The  surface  density  a  at  any  point  of  the  wave  surface  is  a  func- 
tion of  h  whose  form  remains  to  be  determined. 

In  the  experiments  already  mentioned  the  surface  of  the  liquid 
was  made  one  coating  of  an  air  condenser,  the  other  coating  being 
formed  of  tinfoil  supported  on  glass  at  a  height  of  about  35  mm. 
above  the  surface.      This  arrangement  was  adopted  in  order  to 

obtain  a  more  intense  charge 
upon  the  liquid  surface,  and 
to  make  the  electrical  condi- 
tions definite,  so  that  all  the 
quantities  involved  should  be 
capable  of  exact  determina- 
tion. To  find  the  distribution 
of  the  charge  over  the  wave 
surface  under  the  conditions 
of  the  experiment,  we  may 
proceed  as  follows : 
Let  the  axis  of  X  be  taken  in  the  original  level  surface  of  the 
liquid,  while  the  axis  of  Y  is  normal  to  the  surface.     Consider  a 
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train  of  plane  waves  of  amplitude  b  travelling  in  the  direction  of  X, 
As  the  waves  proceed  a  rearrangement  of  the  charge  occurs ;  but 
this  takes  place  so  rapidly  that  the  electrical  conditions  are  always  the 
same  as  though  the  ripples  were  stationary.  The  surface  being  at 
a  potential  V^y  while  the  plate  AB  is  grounded,  we  have  to  deter- 
mine the  value  of  a  for  all  points  along  XX^ , 

For  the  region  between  the  plates  AB  and  the  wave  surface 
XX' ,  the  electrical  potential  Fis  a  function  of  x  and  y  subject  to 
the  condition 

-^  +  ^-  =  ^-  (5) 

It  is  clear  that  f^  as  a  function  of  x^  is  periodic  in  the  distance  X, 
With  the  origin  as  shown  in  the  figure  we  may  therefore  write 

F=  A^  +  A^  cos  kx  +  A^  cos  2kx  +  •  •  •.  (6) 

Since  V  must  have  the  same  value  for  —  ;ir  as  for  +  x^  none  but 
cosine  terms  will  appear  in  the  expansion.     The  coefficients  A^,  A^, 
etc.,  are  functions  of  y,  but  are  independent  of  x. 
Upon  substitution  in  (5)  we  obtain 

Since  this  equation  holds  for  all  values  of  x  the  coefficients  must 
vanish  separately.     Therefore, 

^•  =  0,     -^-i»^,  =  o,etc. 

The  solution  of  these  equations  leads  to  the  following  values  for 
the  coefficients  in  (6) : 

A,  =  M^y  +  N^ 

A^  =  M^e*^  +  N^B-^ 

A^  =  M/^  +  N^e-^ 
etc. 

The  constants  of  integration  are  to  be  so  chosen  as  to  satisfy  the 
boundary  conditions,  viz. :  ( i)  For  y  ^  a,  ^  =  o  for  all  values  of  x  : 
(2)  for  ^^  =  ^  cos  kx,  V  =  V^, 
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The  first  condition  requires  that  A^,  A^,  etc.,  should  separately 
vanish  for  ^  =  a.     Therefore 

etc. 

For  the  coefficient  A^  we  therefore  have 

^^  =  iV,(e-*>'-e-^ +  *>'). 

Since  the  expression  for  Fis  to  be  used  only  in  order  to  find  the 
force  at  the  surface  of  the  liquid,  and  from  this  the  value  of  a,  we 
are  chiefly  concerned  with  its  value  for  points  immediately  above 
the  surface.  For  such  points  /  is  small  when  compared  either  with 
a  or  with  X.  The  exponent  of  the  second  term  of  A^  for  points  in 
the  immediate  neighborhood  of  the  surface  is  therefore  practically 
equal  to  —  2ka.  In  the  experiments  upon  water  the  value  of  a  (dis- 
tance between  the  liquid  surface  and  the  plate  above)  was  about  4 
cm.,  while  X  was  always  less  than  0.5  cm.  In  the  experiments  upon 
mercury,  the  value  of  a  was  about  3.4  cm.,  and  that  of  k  less  than 
0.37  cm.  In  all  cases  the  quantity  2ka  is  therefore  greater  than 
100,  and  the  second  term  is  the  expression  for  A^  is  entirely  neg- 
lible.  This  is  also  true  of  the  corresponding  terms  in  A^  A^  etc. 
The  expression  for  F  therefore  takes  the  form 

V^  —  iV^-^  +  a;  +  N^e-**^  cos  kx  +  N^e'^  cos  2kx  +  ....   (7) 

For  points  on  the  wave  surface,  where  y  ^  b  cos  kx,  the  potential 
is  f^.     Therefore  for  points  on  the  surface 

V^^  N^'-N^-  cos  /&jr+iVj  6-*y  cos  >t;r+iVj  e-^^cos  2  kX'\-'-, 

Remembering  that  the  amplitude,  ^,  of  the  ripples  is  extremely 
small,  and  that  the  y  in  the  above  expression  can  in  lio  case  exceed 
b^  it  is  clear  that  the  exponentials  are  practically  equal  to  unity  ; 
and  we  have  as  a  close  approximation, 

o  =  N^--  f^o+(^i ^ol^^s  kX'\-N^  cos  2^:r+ ... 
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Since  this  relation   holds  for  all   values  of  ;r,   the  coefficients 
N^  Ny  etc.,  vanish,  and 

-^^0  '^O*  '^'^l  ^0 

The  final  approximate  expression  for  Fis  therefore 

V=  K  (i  -i  +  -a^-^  cos  >^^)  (8) 

and  that  for  F,  the  vertical  component  of  the  force  at  the  surface,  is 

K=  -  -^-  =  -«(i  +  kb  cos  kx). 

For  waves  of  the  extremely  small  amplitude  used  the  horizontal 
component  of  the  force  is  neglible  in  comparison  with  Y.     Therefore, 

a  = Hi  +  kb  cos  kx), 

KV 
Remembering  that        ^  =  <fj]^^^^  kb  cos  kx  is  small,  and  that 

b  cos  kx^ y^  A,  we  have,  finally, 

a^^a^^zkha^^^^^-h 
and  equation  (4)  becomes 


Upon  comparing  this  with  equation  (2)  it  appears  that  the  effect 
of  electrifying  the  surface  is  to  alter  the  velocity  of  the  waves  in  the 
same  sense  and  to  the  same  extent  as  would  a  diminution  of  the 

acceleration  of  gravity  ^Y     i^;^^ 

The  corrected  expression  for  the  surface  tension  [see  (3)]  is, 
therefore, 

T=P'Ux,^-l-)  +  '^<  (,o) 

2;r\  27:f        K  ^     ' 

The  apparent  surface  tension  /.  r.,  the  value  of  T  obtained  from 
(3)  [or  from  (10)  without  taking  into  account  the  final  term,  which 
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gives  the  correction  for  electrostatic  influences]  is  thus  always  less 

......  .    2W 
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Table 

I. 

Water 

V 

A 

*0 

' 
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T 
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T 
Corrected. 

0 
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0.4% 
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0.00 
0.58 

0.00% 
0.45 

100.00% 
99.61 

100.00% 
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12000 

.495 

0.77 

0.79 

99.29 

.08 

15000 

.495 

0.97 

, 

1.25 

1      98.98 

.23 

18000 

.494        1 

1.17 

1.82 

98.37 

.19 

21000 

.493 

1.36 

2.46 

97.69 

.15 

24000 

.492 

1.56 

3.22 
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.16 

27000 
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1.74 

3.00 

%.13 

.13 

^^^ 

- 

— 

— 

Table 

II. 

A 

i 

Afercur 

Y- 

y 

»0 

aA<ro« 
403-4 

T 
\     Apparent. 

T 
Corrected. 

0 
9000 

0.369 

0.00 
0.70 

1 

0.00% 

.09 

.     100.00% 
99.92 

100.00% 
.01 

12000 

0.93 

.16 

.88 

.04 

15000 

L17 

.25 

.83 

.08 

18000 

1.39 

1 

.35 

.75 

.10 

21000 

L63 

.49 

.61 

.10 

24000 

1.87 

.64 

.44 

.08 

27000 

2.09 

.80 

.25 

.05 

30000 

1 

2.33 

.99 

1           .08 

1     •<" 

The  experimental  values  of  this  apparent  tension  of  water  and 
mercury  have  been  given  for  a  number  of  different  values  of  a^  in 
Tables  IV.  and  V.  of  the  paper  referred  to  above,  expressed  in  per- 
centage of  the  values  for  a^  =  o.*  By  the  use  of  equation  (lo)  we 
are  now  able  to  apply  the  correction  due  to  electrostatic  influences. 
The  results  are  given  in  Tables  I.  and  II.,  expressefl  as  before  in 
percentage  of  the  maximum  values  of  T.     These  maximum  values 

were  74.3  for  water  and  403.4  -- — -  for  mercury, respectively, 

cms  cms 

1  Harnett,  I.  c,  pp.  281-382. 
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which  were  obtained  by  making  the  following  substitutions  in  (10) : 

i^=  I.     ^=981,     ^  =  64.4,     ^0  =  0 

also,  for  water 

X  =  0.496,     p  =  0.998 
and  for  mercury 

^==0.369,     />=  13.54. 

The  final  column  of  Table  I.  gives  for  the  corrected  surface  ten- 
sion of  an  electrified  water  surface  values  ranging  from  0.06^  to 
0.2356  higher  than  that  of  the  uncharged  surface,  the  average  value 
being  about  ^Jfc  higher ;  while  the  corresponding  column  of  Table 
II.  gives  for  the  tension  of  an  electrified  mercury  surface  values  from 
o.oijfc  to  o.io^  higher  than  that  for  no  electrification — the  mean 
being  about  -^-^^  higher.  The  fact,  however,  that  the  very  small 
variation  follows  no  law  in  either  case,  being  often  less  for  high  than 
for  low  electric  surface  densities,  would  indicate  that  it  possesses  no 
significance,  and  is  due  wholly  to  experimental  errors.  To  make 
this  evident,  we  shall  examine  the  accidental  error  in  measuring  the 
"apparent"  surface  tension  of  water;  what  is  said  of  the  experi- 
ments upon  water  being  true,  with  little  alteration,  for  those  upon 
mercury.  As  was  shown  in  the  paper  already  often  quoted,  a  given 
percentage  error  in  measuring  /  produces  in  the  computed  value  01 
T,  under  the  conditions  of  the  experiments,  a  percentage  error  about 

three  times  as  great.  More  accurately,  —^  ==2.9  -y .  An  exam- 
ination of  figure  6  (/.  ^.)  shows  that  in  measuring  X  the  average 
departure  from  the  mean  (given  by  the  curves)  in  each  of  the  two 
measurements  necessary  was  about  5^^^.  The  average  accidental 
error  in  T  is  therefore  about  ^ ;  so  that  the  small  differences  in 
the  corrected  value  of  the  surface  tension  are  all  within  experimental 
errors,  and  we  may  safely  conclude  that  no  effect  of  electrification 
upon  the  surface  tension  has  been  observed. 

The  complete  investigation,  therefore,  while  not  excluding  the 
possibility  of  discovering  an  effect  of  electrification  upon  surface 
tension  by  the  use  of  improved  methods  and  still  more  intense 
charges,  itself  gives  no  support  to  the  view  that  such  an  effect 
exists. 
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AN  OBJFXTIVE  REPRESENTATION  OF   THE  HYSTER- 
ESIS OF  IRON  AND  STEEL' 

Knut  Angstrom. 

THE  very  happy  thought  of  using  cathode  rays  for  the  study  of 
alternating  currents  and  of  alternating  magnetic  fields  ap- 
pears to  have  had  its  origin  with  Mr.  Braun.*  The  method  em- 
ployed is  obvious  from  Fig.  i,  which  shows  a  tube  of  the  kind  fur- 
nished by  Geissler  in  Bonn,  according  to  Braun's  specifications. 
Cathode  rays  from  the  terminal  K  pass  through  a  small  hole  in  the 
diaphragm  D,  and  produce  a  brilliant  spot  of  light  upon  that  portion 
of  the  screen  S  upon  which  they  fall.  This  screen,  which  is  covered 
with  phosphorescent  material,  fills  the  end  of  the  tube.     The  ap- 


.Kc^ 


Fig.  1. 

proach  of  a  magnetic  pole  at  D  deflects  the  spot  of  light.  If  a 
jimall  magnetizing  coil,  through  which  alternating  currents  flow,  be 
fa.Htened  beneath  the  diaphragm,  the  spot  of  light  is  thrown  into  a 
vibratory  motion  which  is  capable  of  analysis  by  means  of  the  re- 
volving mirror.  If  two  coils,  placed  perpendicular  to  each  other, 
with  their  axes  at  right  angles  to  the  axis  of  the  tube  are  fastened 
in  the  neighborhood  of  the  diaphragm,  and  each  of  these  coils  be 
supplied  with  alternating  current,  the  spot  of  light  under  the  influ- 
ence of  the  two  forces  is  given  a  combined  motion  analagous  to 
Lissajous's  curves. 

» Trau^Utcil  fitun  the  tmnsttctions  of  the  Royal  Academy  of  Sciences,  Stockholm, 
l8i>t),  No,  4,  hy  K,  L,  N. 

«  Hraun,  Wifilfuwnn's  Aimalen,  6o,  p.  55a,  1897  ;  Elektrotechnische  Zeitschrift  19, 
y.  i04,  iSi>S.  'X\\<  \aWkx  article  is  known  to  me  only  through  an  abstract  in  Wiedemann's 
/^.^V.i/.v>,  ij.  jv  S84,  iS^,  * 
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Braun,  in  addition  to  his  other  experiments,  has  investigated  the 
velocity  of  the  transmission  of  magnetization  in  iron.  Since  these 
experiments  bear  a  certain  relation  to  some  of  those  which  follow, 
I  take  the  liberty  of  describing  them  in  a  translation  of  his  own  words.* 

'*  An  iron  rod,  2  m.  long  and  9  mm.  in  diameter,  lies  in  a  hor- 
izontal position,  perpendicular  to  the  axis  of  the  tube,  its  end  as 
near  as  possible  to  the  diaphragm.  Along  this  rod,  a  small  mag- 
netizing coil  may  be  moved.  A  second  coil  precisely  similar  to 
this,  is  arranged  in  a  vertical  plane,  likewise  perpendicular  to  the 
tube,  so  that  under  the  simultaneous  action  of  an  alternating  cur- 
rent in  the  two  spools,  the  spot  of  light  describes  a  curve,  the  form 
of  which  is  determined  by  the  pole  lying  nearest  to  the  diaphragm. 
Both  coils  are  traversed  by  the  same  alternating  current. 

**  If  the  coil  is  moved  along  the  rod,  the  shape  and  position  of 
the  ellipse  of  vibration  changes  and  when  the  middle  of  the  spool  is 

about  42  cm.  from  the  end  of  the  rod  a  difference  of  phase  of  ~ 

2 

shows  itself  which  is  independent  of  the  strength  of  the  current. 

From  the  number  of  oscillations  (50)  of  the  alternating  current  it 

follows  that  the  velocity  of  *  propagation  *  of  magnetic  excitation 

is  eighty-six  I 1,  a  value  which  accords  very  well  with  that 

xseconds/ 

found  by  Oberbeck  under  similar  conditions  (88.7  meters  for  a  rod 

8.7  mm.  in  thickness,  with  a  vibration  frequency  of  133).** 

As  Braun  himself  remarks,  we  have  to  do  here  with  complicated 
phenomena,  and  it  is  a  question  whether  the  value  of  the  velocity  of 
transmission  thus  determined  is  really  that  of  the  magnetic  excitation. 

While  engaged  in  repeating  some  of  Braun's  experiments,  I  asked 
myself  whether  it  would  not  be  possible  by  means  of  his  apparatus 
to  represent  objectively  the  hysteresis  curves  in  iron  and  steel  and 
to  exhibit  the  same,  and  after  several  preliminary  attempts  I  found 
a  simple  arrangement  which  led,  in  a  most  beautiful  manner,  to  the 
result.  If  a  piece  of  iron  or  steel  is  magnetized  in  a  magnetic  field, 
for  example  in  a  long  magnetizing  coil,  and  if  we  plot  a  curve  with 
rectangular  coordinates  in  which  the  strength  of  the  field  H  is  taken 
as  abscissa  and  the  induced  magnetism  /  as  ordinate,  we  obtain,  as 

*  Wiedemann* s  Annalen,  60,  p.  557. 
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is  well  known  (when  H  passes  through  values  from  ^,  to  -//i),  a 
curve  which  we  call  the  hysteresis  curve,  and  which  owes  its  exis- 
tence to  the  fact  that  induced  magnetism  in  iron  does  not  possess 
the  same  value  when  increasing  and  when  decreasing  for  equal 
values  of  H.  This  curve  and  the  surface  enclosed  by  the  same, 
which  represents  a  certain  amount  of  energy  consumed  in  the  cycle 
of  magnetization,  may  be  determined  in  a  variety  of  ways  and  when 
changes  in  the  magnetizing  force  take  place  slowly  the  process  is  one 
which  offers  no  great  difficulties.  The  relations  are,  however,  much 
more  complicated  when  the  intensity  of  the  field  changes  rapidly. 

In  the  latter  case  losses  of  energy  occur,  as  is  well  known,  not 
only  in  consequence  of  the  actual  phenomena  of  hysteresis,  but  also 
in  consequence  of  the  action  of  Foucault  currents.  These  which 
are  generated  in  part  by  the  inducing  current  in  the  mass  of  the  iron, 
and  in  part  by  the  induced  magnetism  itself,  cause  a  retardation  of 
the  magnetic  action  upon  the  deeper  layers  of  the  substance  (elec- 
tro-magnetic screening).  Attempts  to  separate  these  various  factors 
from  one  another  and  to  study  them  in  detail  have  been  made  in  re- 
cent times,  among  others  by  Ch.  Maurain,^  and  by  Wien.* 

From  their  work  one  can  form  a  clear  conception  of  the  difficul- 
ties with  which  such  investigations  are  surrounded,  and  of  the  advant- 
age of  finding  a  simple  method  which  would  allow  this  relationship 
to  be  easily  determined,  which  would  make  it  possible  to  gain  a  ready 
acquaintanceship  with  the  subject,  and  which,  in  other  ways,  would 
furnish  a  certain  check  upon  the  results.  This  has  been  attempted 
by  Ewing,^  who  has  constructed  an  apparatus  that  records  the 
curves  of  magnetization  automatically.  In  this  apparatus  a  wire, 
which  is  placed  between  the  poles  of  a  permanent  magnet,  is  traversed 
by  a  magnetizing  current.  Another  wire  carries  a  constant  current 
and  the  latter  is  subjected  to  the  action  of  the  induced  magnetism 
in  the  iron.  The  forces  that  act  upon  these  wires  turn  a  little  mir- 
ror about  two  axes  situated  at  right  angles  one  to  another.  When 
the  iron  passes  through  a  complete  cycle  of  magnetization,  a  beam 
of  light  reflected  from  the  mirror  records  upon  a  photographic  plate 

» Maurain  ;  Annales  de  Chimie  et  de  Physique  ;  Scries  6,  14,  p.  208  (1898). 
•  Wicn;  Wiedemann's  Annalen  ;  66,  p.  859  (1898). 
'  Ewing ;  The  Electrician  ;  May,  1893. 
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# 
the  curve  of  magnetization.  These  and  similar  methods  can,  in  the 
nature  of  the  case,  only  be  used  where  the  changes  in  the  magnetizing 
force  take  place  slowly,  since,  as  is  the  case  with  all  mechanical  de- 
vices, the  inertia  of  the  many  parts  introduces  disturbances  whenever 
the  period  of  vibration  is  rapid. 

First  af-rangcment  of  my  apparatus. — The  first  arrangement  which 
I  used  will  be  easily  seen   from  Fig.   2.     The  four  coils,  S,   5,,  M^ 
J/p  are  fastened  around  the  diaphragm  in  the  manner  shown.     The 
dimensions  of  the  coils 
are  as  follows :  r'-E^  yi 

5,  length  2  cm.,  ex-    [[ji,::,  I.,. ,.  J^:l^0f^        '",  ;i:-|]| 
temal  diameter  1.6  cm., 
internal  diameter  0.5  cm., 
diameter    of    wire     0.3 
mm. 

M,  length  20.5  cm.,  number  of  turns,  30  per  second. 
The  coils,  5  and  5j  were  wound  upon  wood,  M  and  M^  upon 
glass  tubes.  The  current  from  a  source  Q  passes  through  these 
four  coils  in  series.  It  flows  through  S  and  S^  (the  indicator  coils 
of  Braun),  in  such  a  manner  that  the  magnetic  action  of  the  same  at 
the  opening  of  the  diaphragm  is  additive ;  through  M  and  M^  in 
such  directions  that  their  action  at  the  point  is  annulled.  The 
horizontal  deflection  produced  by  means  of  the  action  of  the  current 
in  5  and  5^  is  proportional  to  the  strength  of  the  current  and  also 
to  the  magnetizing  force.  If  a  rod  of  iron  be  introduced  into  one 
of  the  magnetizing  coils,  the  spot  of  light  will  be  deflected  in  a 
vertical  direction  with  a  force  which  is  proportional  to  the  induced 
magnetism,  so  that  under  these  circumstances  the  spot  of  light  must 
pass  through  a  true  hysteresis  curve. 

Second  arrangement. — The  two  indicator  coils  5  and  5,  retain 
their  places,  but  they  are  slightly  displaced  backwards  and  forwards 
respectively,  with  reference  to  the  plane  of  the  diaphragm.  The 
magnetizing  coils  M  and  M^^  are  placed  parallel  to  each  other  and 
at  equal  distances  from  the  diaphragm  as  shown  in  Fig.  3.  The 
action  of  the  current  and  of  the  magnetic  field  is  the  same  as  in  the 
first  arrangement.  When  currents  of  rather  high  intensity  are  used, 
it  is  easily  possible  to  follow  the  movement    of  the  spot  of  light 
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directly  with  the  eye.  If,  on  the  contrary,  the  cycle  of  magnetiza- 
tion is  gone  through  with  slowly,  and  especially  if  it  is  desired  to 
measure  the  curve  of  hysteresis  with  precision,  a  photographic 
record  is  very  advantageous.  I  set  up  the  photographic  camera  in 
such  a  way  that  the  images  of  the  curves  should  be  taken  in  half 
size.     An  exposure  of  from   ten  to  twenty  seconds  suffices  for  the 

production  of  a  good  negative, 
which  when  developed  and  fixed, 
can  be  enlarged  to  any  desired 
size  by  projection.  The  figures  in 
the  accompanying  plate  are  repro- 
duced directly  from  such  nega- 
tives. The  curves  shown  in  the 
plate  are  from  experiments  upon 
hard  steel  wires  lo  cm.  in  length  and  0.175  cm.  in  diameter.  I. 
was  obtained  from  a  wire  containing  o.  i  per  cent. ;  II.  from  a  wire 
containing 0.4  percent,  and  III.  from  a  wire  containing 0.9  per  cent, 
of  carbon.  I.-II.,  I.-III.  and  II.-III.  are  "difference  curves"  be- 
tween these  (I.,  II.  and  III.)  taken  two  and  two. 

For  very  slow  cycles,  of  magnetization  (to  produce  static  curves 
of  hysteresis)  I  used  as  a  source  of  current  a  storage  battery,  and 
varied  the  strength  of  the  current  by  the  introduction  of  liquid 
resistance,  so  as  to  change  the  magnetizing  Torce  between  the  de- 
sired limits.  Alternating  current  was  produced  from  a  small  hand- 
driven  Siemen's  alternating  dynamo  (from  Ducretet  in  Paris)  with 
which  it  was  possible  to  vary  the  number  of  alternations  between 
twenty  and  sixty  per  second.  In  this  paper  only  a  few  examples  of 
these  experiments  are  given.  I  hope  later  to  return  to  a  more  com- 
plete description  of  the  results.  Figs.  4—8  show  drawings  from 
some  of  the  photographic  records  obtained  with  the  second  arrange- 
ment of  the  apparatus.  The  curves  marked^,  B,  C,  D  refer  to  the 
following  samples  of  iron  : 

(A)  A  rod  of  iron  ;  length  10  cm.,  diameter  0.3  cm.,  amount  of 
carbon  0.2^  ;  tempered.     (From  Bofors  in  Sweden.) 

{B)  A  rod  of  iron  ;.  length  10  cm.,  diameter  0.3  cm.,  amount  of 
carbon  o,%^> ;  hardened.     (From  Bofors  in  Sweden.) 

{C)  A  bundle  of  ver>'  soft  tempered  iron  wire,  length  10  cm., 
diameter  of  each  wire  0.082  cm. 
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(Z>)  A  precisely  similar  bundle  of  wires,  surrounded  by  a  tube 
"^ of  brass.    External  diameter  of  the  tube  0.48  cm.,  internal  diameter 
0.30  cm. 

Figure  4  shows  the  static  curve  of  hysteresis.  Figure  5  the  cor- 
responding curve  for  alternating  current  of  about  twenty  reversals 
per  second.     Figure  6  shows  the  same  curve  for  about  sixty  rever- 


Fig.  5. 


sals  per  second.  The  maximum  strength  of  the  current  in  these 
experiments  was  maintained  as  nearly  as  possible  constant,  with  a 
value  of  two  amperes.  In  the  static  hysteresis  curves  obtained  by 
this  method,  the  influence  of  hardness  is  easily  recognized.  In  the 
case  of  very  soft  iron  there  is  naturally  no  difference  between  a 
massive  rod  and  a  bundle  of  wires.  In  massive  rods  of  soft  iron 
with  increasing  frequency  of  alternations,  the  loops  change  greatly 
but  in  the  case  of  hard  iron,  the  change  is  insignificant.    That  these 


Digitized  by 


GoogTC 


8o 


KNUT  Angstrom. 


[Vol.  X. 


changes  are  almost  exclusively  due  to  the  Foucault  currents  is  evi- 
dent from  the  experiments  with  the  bundle  of  wires  with  and  with-* 
out  the  brass  tube.  The  change  in  the  loop  with  the  number  of 
alternations  could  not  be  detected  in  the  case  of  the  bundle,  without 
the  brass  tube,  in  which  case  Foucault  currents  are  almost  com- 
pletely excluded,  but  when  the  bundle  was  surrounded  by  the  brass 
tube,  the  change  in  the  loop  was  almost  as  great  as  in  the  case  of  a 
soft  rod  of  massive  iron. 

In  general,  these  results  are  in  good  agreement  with  the  experi- 
ments of  Maurain  and  of  Wien  in  so  far  as  they  are  capable  of  com- 
parison with  those  investigations.  Wien  has  used  alternations  up  to 
a  frequency  of  five  hundred  and  twenty,  and  has  studied  the  changes 
in  the  real  hysteresis  curves.  Maurain  finds  that  in  the  case  of 
bundles  of  very  fine  wire,  the  loss  of  energy  in  the  cycle  of  magne- 
tization up  to  periods  of  fifty-five  alternations  per  second  is  not 
appreciably  dependent  upon  the  frequency.^  Unfortunately,  I  have 
not  as  yet  had  the  means  at  my  disposal  to  extend  these  investiga- 
tions to  a  very  high  frequency. 

A  very  interesting  modification  of  the  above  mentioned  experi- 
ment can  be  made  by  providing  the  magnetizing  coils  M  and  M^ 

with  iron  cores.  The  cur\'es 
obtained  in  this  way  are  dif- 
ference curves,  which  depend 
upon  the  varied  permeability 
and  hysteresis  of  the  speci- 
mens, as  well  as  upon  the 
strength  and  difference  of 
phase  which  the  Foucault 
currents  in  the  same  possess. 
Figures  7  and  8  afford  ex- 
amples of  such  difference  curves  for  two  different  frequencies, 
obtained  by  the  used  of  the  two  rods,  A  and  B,  just  described. 
In  this  case  the  difference  curve  for  low  frequencies  is  principally 
due  to  the  difference  in  hysteresis.  At  higher  frequencies,  we 
have  to  do,  in  addition  to  the  above,  with  unequal  changes  of 
phase  of  the    Foucault   currents.     The   curves   in    figure  8  were 

1  Maurain,  1.  c,  p.  279. 
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obtained  by  means  of  the  bundles  of  wires,  C  and  D  (with  and 
without  the  brass  rod).  In  this  instance,  the  hysteresis  remains 
unchanged,  and  the  difference  curve  is  to  be  ascribed  exclusively  to 
the  action  of  the  Foucault  currents.  This  last  named  arrangement 
of  the  experiment  affords  a  simple  and  practical  method  of  testing 
various  samples  of  iron  in  respect  to  their  magnetic  properties,  and 
likewise  to  the  amount  of  carbon  which  they  contain.*  If  we  place 
in  the  magnetizing  coils  two  precisely  similar  rods  of  iron  of  the 
same  character,  they  neutralize  each  other  and  the  spot  of  light 
moves  in  a  horizontal  straight  path  just  as  if  no  iron  were  placed  in 
these  coils.  If  the  rods,  however,  possess  different  properties,  we 
obtain  more  or  less  well  marked  difference  curves.  If,  therefore, 
we  have  samples  of  iron,  the  properties  of  which  are  precisely 
known,  we  can  compare  with  them  directly  the  property  of  un- 
known samples  of  iron  of  the  same  dimensions.  The  usefulness  of 
this  application  of  the  method  in  electro-technical  work,  and  par- 
ticularly in  the  construction  of  dynamo  machines,  where  hysteresis 
is  of  great  importance,  is  obvious. 

If,  in  the  first  arrangement  of  the  apparatus  the  rods  of  iron  are 
brought  with  their  ends  very  near  the  opening  of  the  diaphragm  and 
if  the  magnetizing  coils  in  the  second  arrangement  are  fastened  di- 
rectly above  and  below  the  rods,  and  we  compare  the  results  ob- 
tained in  these  ways,  with  one  another,  it  is  found,  particularly  if 
the  iron  rods  are  of  great  length,  that  there  is  a  very  marked  differ- 
ence between  the  two  curves.  The  hysteresis  curves  trend  more 
slowly  upward  and  downward  in  the  first  case  than  in  the  second.  I 
was  for  a  time  at  a  loss  to  explain  these  facts,  but  I  believe  that  the 
phenomenon  is  due  to  changes  in  the  magnetic  distribution  within 
the  rods  with  increasing  magnetization.  The  following  experi- 
ments confirm  this  opinion.  If  we  make  use  only  of  the  two  long 
magnetizing  coils,  and  arrange  these  as  shown  in  Figure  9,  we  find 
when  the  diaphragm  is  at  the  point  a,  symmetrically  located  with 
reference  to  the  two  spools  and  when  a  bundle  of  iron  wires  is 
thrust  into  one  of  the  tubes,  that  vertical  vibrations  take  place.  If 
now  the  diaphragm  is  pushed  along  to  the  point,  ^,  r,  etc.,  the  di- 

I  This  comparison  is  based  upon  the  assumption  that  the  iron  in  other  respects  is  of 
similar  chemical  and  physical  structure. 
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rection  of  vibration  tends  to  turn  itself  in  such  a  manner  as  to  be  al- 
ways perpendicular  to  the  lines  of  the  magnetic  field.  At  the  same 
time,  we  notice,  however,  that  the  line  of  vibration  as  is  shown  in 
Figure  9,  becomes  curved  at  the  ends.     If  we  replace  the  bundle  of 

wires  with  an  iron  rod,  we 

^ no  longer  get  lines  of  vi- 

'  j  ~  bration,  but  complete  loops. 

^\        V       CB  With    increasing    intensity 

J .         of  magnetization,  the  sys- 

^"^"^ tem  of  lines  of  force  is  dis- 


Pj    Q  *  placed,  and  the  whole  ac- 

tion is  like  a  shifting  of 
the  poles  towards  the  ends  of  the  magnetized  rod.  If  this  shift- 
ing is  not  the  same  for  increasing  and  diminishing  magnetiza- 
tion, or  in  other  words,  it  is  connected  with  a  hysteresis  effect, 
we  obtain  the  above  described  loops.  Through  this  displacement 
of  the  poles,  we  may  likewise  explain  the  above  difference  in  the 
curves  obtained  with  the  first  and  second  arrangements  of  the 
apparatus. 

When  short  rods  are  used,  and  at  a  considerable  distance  from 
the  diaphragm,  the  difference  between  the  curves  obtained  is  unim- 
portant. The  precise  measurement  of  these  curves  would  probably 
teach  us  much  concerning  the  permeability  and  hysteresis  of  iron. 
Before  entering  upon  this  work  in  the  case  of  certain  varieties  of 
Swedish  iron,  I  purpose,  however,  to  attempt  important  improve- 
ments in  the  cathode  tube.  I  hope  then  to  be  able  to  work  with 
currents  of  much  higher  frequency. 

To  Mr.  Granqvist  of  the  physical  laboratory  at  Upsala,  who  as- 
sisted me  in  most  of  these  experiments,  I  desire  to  express  my  heart- 
iest thanks. 
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A    DETERMINATION    OF    THE    NATURE    OF    THE 

ELECTRIC  AND   MAGNETIC  QUANTITIES  AND 

OF   THE   DENSITY  AND    ELASTICITY 

OF  THE    ETHER,   II. 

Reginald  Aubrey  Fessenden. 

Summary. 

IT  was  first  shown  that  if  we  consider  only  those  electric  and 
magnetic  phenomena  which  can  be  exactly  expressed  by  equations 
containing  only  electric,  magnetic  and  gravitational  quantities,  with 
those  of  length,  mass  and  time,  that  there  are  an  infinite  number  of 
theories  possible. 

If  we  suppose  that  the  electric  and  magnetic  quantities  are  such 
as  we  meet  with  in  mechanics  the  number  of  possible  theories  will 
be  much  reduced. 

We  have  no  right  to  make  this  assumption,  however,  and  the 
reduction  cannot  be  regarded  as  rigorous,  but  rather  as  having  a 
certain  degree  of  probability  or  as  serving  as  ail  indication,  and 
hence  can  only  be  justified  by  showing  that  the  results  obtained 
by  its  means  are  in  accordance  with  observed  facts. 

On  this  basis  it  was  shown  that  one  of  two  theories  is  the  correct 
one,  /.  e.y  that  either  x  is  a  density  and  fi  a  compliancy  or  /i  is  a 
density  and  x  a  compliancy.  It  was  then  shown  that  if  either  co- 
eflRcient  is  a  compliancy,  then,  when  the  corresponding  intensity  is 
varied,  the  corresponding  coeflRcient  should  vary  in  the  opposite 
direction. 

If  neither  theory  were  correct  this  change  should  not  necessarily 
take  place. 

It  was  found  that  there  is  such  a  relation  existing  between  one 
of  the  c6efficients  and  the  corresponding  intensity,  i,  e,,  between  ji 
and  /T,  whilst  there  is  no  such  relation  observable  between  the 
other  coefficient  and  intensity. 
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It  was  then  shown  that  the  rate  of  change  of  the  coefficient  fi 
with  the  intensity  //"was  exactly  that  called  for  by  the  theory  and  a 
most  rigorous  experiment  showed  no  deviation  from  the  rate  re- 
quired not  within  the  limits  of  experimental  error. 

It  was  shown  that  this  relation  held  not  only  for  iron  and  other 
strongly  magnetic  substances,  but  also  for  a  wide  range  of  substances 
whose  reluctivities  varied  from  0.0003  to  1000,  and  was  hence 
probably  a  universal  relation. 

Corroborative  evidence  was  then  given,  showing  that  the  reluc- 
tivity varied  in  different  materials,  in  the  same  materials  under  tem- 
porary stress  and  in  the  same  materials  under  permanent  strain,  in 
such  a  way  as  to  accord  with  the  theory.  It  was  also  shown  that 
there  was  a  relation  between  the  coefficients  of  reluctance  and  of 
hysteresis  which  was  also  in  accordance  with  the  theory. 

It  was  then  shown  that  there  was  evidence  of  such  a  connection 
between  capacity  and  density  as  agreed  with  the  theory. 

From  this  last  relation  the  density  and  elasticity  of  the  ether  were 
determined,  to  a  first  approximation. 

Conclusion. 
Having  determined  the  qualities  of  the  electric  and   magnetic 
quantities,  we  may  next  proceed  to  more  precisely  determine  their 
nature.     For  convenience  we  will  here  reproduce  equations  12-15. 

(12)  *  Q^MjT, 

(13)  P^L\ 

(14)  X  ^MjL^ 

(1 5)  //  ^lt';m. 

The  complete  determination  of  these  qualities  is  made  as  follows  : 
From  equation  3,  MaxwelTs  equation,  we  have 

jfSfiS  -_.  T  [^  --.  I  Velocity. 

Let  us  take  the  A'  axis  as  in  the  direction  of  the  lines  of  electric 
flux,  the  }'axis  as  in  that  of  the  lines  of  magnetic  flux,  and  the 
/  axis  as  perpendicular  to  both. 

The  velocity  of  light  is  therefore  to  be  measured  along  the  Z 
axis.  \\t  know  also  that  in  the  expression  for  volume,  1.  e,,  Z^  the 
three  len^^ths  are  to  be  taken  in  three  different  directions. 
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We  have  therefore 

MlLJ.^L,^ti^T'lL\ 
whence  /i  =  LJL^T^jML^. 

Again,  we  have 

B^l^nfi  =  work  per  c.  c.  =  (P/area  y/Snfi, 

This  work  is  done  in  the  Y  direction, 

hence  P  =  L^L^  and  B  =  LJL^. 

From  the  equation 

Hfi^B 

we  have  H  =  MLJL^LJ^  =  MILJ\ 

To  recapitulate, 

B^LJL, 

H=MLJL^LJ\ 

From  this  we  see  that  a  current  flowing  in  a  circuit  (this  being 
in  the  X  axis)  produces  a  twisting  force  around  the  axis  of  the  wire, 
H  being  the  intensity  of  the  force,  or  the  force  per  sq.  cm.  This 
force  produces  a  shear,  B  being  the  amount  of  the  shear,  and  the 
shear  at  any  point  depending  upon  the  distance  from  the  wire.  The 
amount  of  the  shear  for  a  given  force  per  sq.  cm.  depends  upon  the 
resistance  of  the  medium  to  shearing  stress,  and  ijfi  is  the  rigidity 
modulus  of  the  medium.     Hence  B  =  Hfi, 

In  the  presence  of  iron  the  virtual  rigidity  is  greatly  reduced. 
The  stress  H  produces  a  shear  B^  in  the  ether  numerically  equal,  if 
we  take  the  permeability  of  the  ether  as  unity,  to  H.  The  same 
stress  also  produces  a  virtual  shear  B^,  (=  4;:  x  intensity  of  mag- 
netization). The  sum  of  these  two  shears  makes  up  the  total  shear 
B,  or  B  =s  B^  +  B.  (equals  numerically  H  +  4^/). 

The  shear  B^  increases  directly  as  //,  Since  the  greatest  value  of 
//"which  we  can  reach  is  not  more  than  100,000,  which  corresponds 
to  a  force  of  only  about  4.10®  dynes  per  cm.  and  the  rigidity  of  the 
ether  is,  as  we  have  found,  approximately  6.10",  we  could  hardly 
have  expected  it  to  be  otherwise,  as  the  greatest  shear  which  we  can 
produce  is  through  but  an  infinitesimal  angle. 
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The  shear  B^  (for  it  is  virtually  equivalent  to  a  shear),  increases 
as  //^  increases,  but  reaches  a  limit,  for  iron,  at  about  B^  =  2$,ooo, 
It  does  not  increase  however,  directly  as  H,  but  as  we  have  seen 
the  two  are  connected  by  the  formula 

B,  =  Hl{a  +  bH). 

Under  certain  circumstances,  for  example  with  stressed  nickel, 
as  shown  in  Fig.  4,  the  constant  a  is  reduced  to  zero  and  the  in- 
trinsic shear  takes  its  full  value  with  an  indefinitely  small  value  of 
the  stress  //,  any  additional  increase  in  B  being  due  entirely  to  in- 
crease of  the  extrinsic  flux. 

It  will  be  noted  that  Pjii  is  a  force  in  the  Z  direction. 

Taking  up  next  the  electric  quantities,  from  the  formula 

JD^fSnx  =  ((2/area)78;r  =  work  per  c.c. 
we  get,  since  the  work  is  done  along  the  X  axis, 

zxid  D=^  Ml L^L  J. 
From  the  formula 

QE  =  work, 

the  work  being  done  along  the  X  axis, 

F=  LJT. 
To  recapitulate, 

£>  =  M/L^L,T 

F^LJT 

We  may  interpret  this  as  meaning  that  a  varying  magnetic  field 
produces  a  flow  in  the  ether  in  a  plane  perpendicular  to  the  direc- 
tion of  the  magnetic  lines,  which  flow  persists,  with  varying  velocity, 
so  long  as  the  amount  of  the  shear  is  changing.  The  electric  in- 
tensity F  at  any  point  is  the  velocity  of  the  flow  at  that  point.  The 
capacity,  x,  is  the  density  of  the  flowing  medium  and  the  displace- 
ment per  square  cm.  D,  is  the  current  density. 

If  we  have  a  condenser  with  a  dielectric  part  paraffin,  of  density 
0.9  and  part  vacuum,  then  since  the  electrostatic  induction  is  con- 
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tinuous  through  the  interface,  /.  r.,  MjL^LJT  is  constant,  the  veloc- 
ities must  be  different  for  each  side  of  the  interface. 

The  density  of  the  ether  is  0.6,  /.  ^.,  there  is  that  much  inertia  per 
c.c.  in  the  vacuum.  In  the  space  occupied  by  the  paraffin  the  total 
amount  of  inertia  is  0.9  +  0.6  =1.5. 

Therefore,  since  the  flow  per  sq.  cm.  is  constant,  and  the  den- 
sities vary  in  the  ratio  0.6  :  1.5,  the  velocities,  /.  e,,  the  electric  in- 
tensities, must  vary  in  the  inverse  ratio.  Hence  the  slope  of  electric 
potential  changes  at  the  interface  in  the  ratio  1.5  :o.6. 

But  the  energy  is  given  by  the  formula  inv^l2.  Therefore  in  the 
ether  the  energy  per  c.c.  is  5/3  of  that  in  the  paraffin. 

The  velocity  in  the  ether  corresponding  to  any  voltage  may  be 
calculated,  on  the  assumption  that  all  the  ether  flows.     We  have 

xF^jin  =  energy  per  c.c. 

and  X  is  0.6.  If  F  is  one  electrostatic  unit  and  x  is  taken  as  i  for 
the  ether,  we  have, 

t;2  X  0.3  =   I 

and  z/  =  1.8  cm.  per  sec.  =  Fjs/^s:, 

Since  a  volt  is  1/300  electrostatic  unit,  the  velocity  corresponding 
to  a  volt  is  0.006  cm.  per  sec*,  or  about  20  times  the  velocity  of 
the  hydrogen  atom  when  electrolyzed  in  aqueous  solution. 

We  might  naturally  look  for  an  effect  upon  the  velocity  of  light 
in  the  direction  of  the  lines  of  electrostatic  force,  since  F\s  ^  veloc- 
ity. Such  an  effect  was  discovered  by  Kerr,  who  has  shown 
(Phil.  Mag.,  April,  1894)  that  only  the  component  vibrating  in  the 
plane  of  the  lines  of  force  is  changed  in  the  phenomenon  which  he 
discovered,  the  component  perpendicular  to  them  being  unaffected, 
but  the  phenomenon  is  complicated  here  by  the  presence  of  matter, 
the  effect  is  so  large  that  it  cannot  be  due  directly  to  the  flow  of 
the  free  ether,  and  does  not  vary  directly  as  F, 

Rayleigh  has  examined  the  effect  when  light  is  passed  through  a 
solution  carrying  a  current,  without  observing  any  increase  how- 
ever, as  might  be  expected,  since  one  volt  per  cm.  corresponds  to 
a  velocity  of  only  0.006  cm.  per  sec.  and  the  velocity  of  light  is 
3.10*®  cms.  per  sec. 

We  can,  however,  without  any  extraordinary  difficulty,  obtain  a 
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voltivity  of  1 50,000  in  a  vacuum  tube,  and  this  would  mean  a 
velocity  of  800  cms.  per  sec,  which,  I  learn  from  my  colleague, 
Professor  Wadsworth,  should  be  observable  with  the  refractometer. 
The  experiment  will  be  made. 

It  may  be  mentioned  here  that  in  doubly  refractive  substances 
the  piezo-electric  effect  along  different  axes  should  vary  with  the 
refractive  indices. 

To  consider  next  electromagnetic  phenomena.  We  must  first 
find  the  quality  of  the  curl  from  the  following  two  equations,  rep- 
resenting the  effect  of  a  varying  electrostatic  flux  or  an  electric  cur- 
rent, and  of  a  varying  magnetic  flux  : 

curl^  QIT^  G=^//x  L^and  curl^  P/T=E^Fx  L, 
whence  curl^  (curl  round  Xaxis)  =  LJL^ 

curl^  (curl  round  Y  axis)  =  LJL^, 

It  is  first  to  be  noticed  that  a  moving  flux  and  a  current  are  not 
identical  in  effect.  A  rotating  magnetized  ring  produces  no  voltage 
of  the  first  order  of  effect  in  a  coil  surrounding  it.  Nor  can  a  ro- 
tating glass  ring  with  an  electrostatic  flux  passing  round  the  torus, 
magnetize  to  any  degree  an  iron  ring  encircling  it.  The  movement 
of  the  electric  lines  in  a  lateral  direction  is  what  gives  the  gilber- 
tance  and  the  lateral  movement  of  the  magnetic  lines  the  voltage. 
Longitudinal  motion  of  the  flux  has  no  effect,  as  there  must  be  a 
change  in  the  amount  of  the  enclosed  flux. 

Just  outside  a  wire  carrying  a  current  the  lines  of  voltage  arc 
almost  normal  to  the  surface  of  the  wire,  as  was  pointed  out  by 
Heavyside,  who  discovered  the  true  method  of  establishment  of 
current  in  a  wire.  So  long  as  the  ends  of  the  lines  are  stationary 
with  reference  to  the  wire,  there  is  no  current  and  no  magnetic  force. 
But  when  they  move,  the  original  velocity  along  the  lines  has  com- 
pounded with  it  the  lateral  velocity  of  the  lines,  and  the  acceleration 
of  the  ether  measures  the  value  of  //  at  any  point.  When  we 
establish  an  electrostatic  field  between  the  plates  of  a  condenser, 
the  flow  between  the  plates  causes,  in  some  manner,  a  tension  normal 
to  the  surface  of  the  plates  and  a  lateral  pressure.  Whilst  charging 
the  plates  we  are  increasing  the  lateral  pressure.  This  creates  a 
shear  in  a  direction  at  right  angles  to  both  tension  and  pressure,  just 
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as,  in  thrusting  a  ball  sidewise  between  two  other  balls,  the  side  pres- 
sure thrusts  the  two  balls  apart  and  a  force  at  right  angles  to  the 
lateral  pressure  is  thus  produced. 

To  some  extent  the  above  description  is  founded  upon  assumptions. 
For  example,  it  does  not  follow  that  because  F  is  a  velocity  and  be- 
cause it  is  the  velocity  of  the  ether  (since  we  can  have  a  value  of  F 
in  a  vacuum),  that  all  the  ether  in  a  cubic  centimeter  of  space  is 
moving  when  we  have  a  voltage  there.  This  however  does  not 
affect  the  nature  of  the  quantity  but  only  the  configuration. 

I  have  not  suggested  any  detailed  theory  of  the  configuration,  for 
the  reasons  given  in  the  preface.  There  are  a  number  of  experi- 
ments to  be  made  before  we  can  go  further  with  any  degree  of  cer- 
tainty. Any  detailed  work  on  configuration  would  imply  a  theory 
of  the  nature  of  matter,  which  is  foreign  to  my  subject.  We  may 
of  course  choose  some  configuration  to  work  with.  In  doing  this 
the  first  thing  to  be  looked  after  is  to  have  the  flux  of  ether  be- 
tween the  two  charged  plates  of  a  condenser  return  again,  as  in  a 
closed  circuit.  True  there  is  no  real  reason  for  this.  Continuous 
flow,  without  return,  is  inconceivable,  but  that  is  not  a  very  serious 
objection.^  To  avoid  having  sinks,  however,  we  may  choose  sbme 
suitable  configuration.  Possibly  the  best  available  is  that  given  by 
Fitzgerald  in  his  paper  "  On  a  Hydrodynamical  Hypothesis  as  to 
Electromagnetic  Actions.''^  According  to  this,  the  electrostatic  line 
is  a  spiral  vortex.  This  gives  us  our  tension  between  the  plates, 
and  the  lateral  pressure.  It  can  also  give  us  the  magnetic  shear, 
and  in  the  paper  referred  to  it  is  shown  that  the  equations  for  wave 
propagation  and  energy  in  such  a  medium  as  described  are  identical 
with  those  of  light.  We  may  also  take  the  atom  itself  as  a  spiral 
vortex,  and  can  get  a  secondary  stress,  depending  upon  angular 
velocity,  to  account  for  gravitation,  which  would  be  the  gravita- 
tional stress.     As  we  have  found  the  rigidity  of  the  ether  to  be 

1  It  is  not  many  years  since  one  of  our  greatest  and  most  esteemed  philosophers  (Her- 
bert Spencer,  First  Principles)  came  to  the  conclusion  that  the  idea  of  an  indivisible  atom 
was  inconceivable.  As  a  matter  of  fact  it  was  inconceivable  then,  but  it  is  so  no  longer. 
One  is  reminded  of  BeaconsBeld's  witty  note  to  his  allegorical  history  of  England  ( Isle 
of  Fantasia,  Chapter  I V. )  **  First  principles  are  the  ingredients  of  positive  truth.  They 
are  eternal  and  immutable,  as  may  be  seen  by  comparing  the  first  principles  of  the  eigh- 
teenth century  with  the  Brst  principles  of  the  nineteenth." 

•Royal  Dublin  Soc.,  December  12,  1898. 
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6.IO*  this  would  permit  of  even  the  large  values  which  Maxwell 
has  pointed  out  are  necessary  with  a  stressed  medium  theory  of 
gravitation. 

Under  these  circumstances  we  might  expect  the  permeability  of  a 
material  to  vary  with  a  change  in  the  force  of  gravity,  and  a  charged 
condenser  to  weigh  more  than  an  uncharged  one.  I  have  not  cal- 
culated whether  the  effect  should  be  measurable  or  not. 

In  a  work  extending  over  many  years  I  have  naturally  incurred 
indebtedness  on  many  sides  ;  I  have  more  especially  to  express  my 
gratitude  to  my  present  colleague,  former  assistant  and  sometime 
pupil,  Professor  S.  M.  Kintner,  without  whose  invaluable  construc- 
tive and  experimental  ability  I  should  have  been  able  to  accom- 
plish but  a  small  portion  of  the  needed  experimental  work.  I  have 
also  to  thank  two  other  of  my  colleagues,  Dr.  Brashear  and  Pro- 
fessor Frost,  for  their  kind  help  in  many  ways.  To  Helen  M. 
Fessenden  also  I  am  indebted  for  much  of  the  work  done  in  reduc- 
ing observations  and  in  the  preparation  of  tables. 

Appendix  A. 

Investigation  of  the  Relation  Between  ti  and  H. 

It  is  evidently  desirable  that  the  correctness  of  this  relation  should  be  established  with 
some  degree  of  precision. 

It  was  first  put  forth  by  Kennelly  in  the  Trans.  Am.  Soc.  Inst.  E.  E.^  Oct.  27, 
1 891,  and  has  been  confirmed  by  Steinmetz,  in  a  most  elaborate  and  valuable  paper  on 
magnetism.  1 

It  has  also  been  verified  by  the  author,  in  a  research  conducted  expressly  for  that  pur- 
pose, the  method  and  results  of  which  are  given  below.  « 

FrSlich's  formula  is  ijfi=zc  ■\-  dH. 

Kennelly' s  formula  is  \  1/  (/i — I )  J  =  a  -|-  bllz=  v^. 

The  difference  between  the  two  is  that  Kennelly  considers,  as  mentioned  above,  the  in- 
duction contributed  by  the  iron  as  separate  and  distinct  from  that  contributed  by  the  ether, 
in  the  same  manner  as,  in  Gladstone's  law,  we  consider  the  refraction  contributed  by  the 
matter  as  distinct  from  that  contributed  by  the  ether.  There  are  thus  two  magnetic  cir- 
cuits in  parallel ;  one,  the  intrinsic  circuit,  carrying  a  flux  numerically  equal  to  ^  —  H^ 
ihe  other  the  extrinsic  circuit,  carrying  a  flux  numerically  equal  to  H.  As  they  have  both 
the  same  diflerence  of  magnetic  potential  across  them,  the  magnetic  resistivity,  or  reluc- 
tivity, is,  in  the  two  cases,  numerically  II{B — H)  and  /////. 

Kennelly's  law  means  that  this  intrinsic  reluctivity,  r<  is  given  by  the  formula  a  -f-  ^H* 
or  in  other  words,  that  this  intrinsic  reluctivity  varies  as  the  space  rate  of  drop  of  mag- 
netic potential  II  varies.  , 

>  Trans.  Am.  Inst.  E.  E.,  Sept.  27,  1892. 
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Frdlich's  formula  fails  for  high  magnetizations.  Kennelly's  does  not.  Kennelly's 
formula  gives  a  constantly  increasing  intensity  of  flux,  with  increasing  H,  Frdlich's 
formula  gives  the  intensity  as  reaching  a  limit.  This  former  appears  from  Ewing's  ex- 
periments by  the  isthmus  method  to  be  the  correct  statement. 

As  will  be  seen  from  the  papers  of  Kcnnelly  and  Steinmetz,  the  agreement  of  the  form- 
ula with  theory  is  fairly  close  in  all  cases  examined.  It  had  however  been  stated  *  that 
it  was  a  purely  empirical  formula  and  was  not  the  expression  of  any  physical  law.  The 
writer,  therefore,  made  a  set  of  tests  with  a  view  to  obtaining  results  of  as  high  a  degree 
of  accuracy  as  might  be  possible. 

In  taking  curves  of  magnetism,  the  following  points  are  important: 

1.  Long  wires  cannot  be  used,  as  the  leakage  varies  with  the  reluctivity,  and  the  area 
of  leakage  surface  is  relatively  large  compared  with  the  cross  section.  At  low  values  of 
//  the  results  may  be  many  per  cent.  out. 

2.  Rings  wound  from  wire  cannot  be  used,  as  the  magnetic  flux  has  to  jump  from  one 
wire  to  another  through  an  air  gap,  and  thus  an  additional  reluctance  is  introduced,  and 
moreover  the  inductance  is  not  uniform,  and  the  true  shape  of  the  curve  is  greatly  masked. 
Steinmitz  has  shown'  that  when  the  flux  has  to  pass  in  this  way  the  variation  from  the 
mean  induction  may  be  so  great  as  to  increase  the  mean  hysteresis  70  per  cent,  in  sheet 
iron,  and  no  less  than  900  per  cent,  in  iron  wire,  above  the  hysteresis  corresponding  to 
the  mean  induction. 

3.  Rings  punched  out  of  sheet  iron  are  the  only  ones  permissible,  as  it  is  not  possible 
to  weld  a  solid  iron  ring  and  keep  its  constitution  and  fiber  uniform.  Moreover,  mag- 
netic creeping  is  worse  in  solid  rings. 

4.  The  outside  diameter  of  the  ring  must  not  be  more  than  ten  per  cent. ,  preferably 
not  more  than  five  per  cent. ,  greater  than  the  interior  diameter.  In  a  ring  of  interior  diam- 
eter 6  inches,  external  diameter  10  inches,  which  the  writer  once  saw  used  for  the  de- 
termination of  a  permeability  curve,  it  is  evident  that  when  H  was  3  on  the  outside  circum- 
ference of  the  ring  it  was  not  less  than  5  on  the  inside  circumference.  Consequently, 
when  the  outside  portion  of  the  ring  was  on  the  downward  part  of  the  reluctivity  curve, 
the  inside  part  was  on  the  upward  side,  and  the  curve  obtained  from  such  a  ring  must  be 
entirely  misleading,  the  features  of  the  curve  being  run  together,  and  the  true  reluctivity 
being  at  one  point  much  lower  than  it  would  appear  to  be  from  the  test. 

This  fact,  that  the  diameter  of  the  ring  may  affect  the  results  by  five  per  cent,  or  more, 
has  been  pointed  out  previously  by  Kennelly. 

5  Rheostats  with  sliding  contacts  cannot  be  used  for  this  work,  as  they  give  very  in- 
sidiously distorted  curves.  This  is  due  to  the  fact  that  if  we  are  at  P^  Fig.  6,  and  the 
resistance  in  the  circuit  is,  say,  200  ohms,  and  the  next  resistance  400,  then  on  moving 
the  contact  the  resistance  does  not  change  from  200  to  400,  but  from  200  to,  say,  800  ;  and 
from  800  to  400,  due  to  the  fact  that  when  moving  from  one  section  to  another  the  con- 
tact is  not  very  good,  and  though  of  course  not  necessarily  broken  with  a  properly  de- 
signed rheostat,  yet  the  contact  is  worse  when  moving  from  one  section  to  another  than 
when  at  rest. 

The  result  is,  curves  of  the  shape  shown  in  Fig.  6  in  the  dotted  line,  where  E^  after 
sinking  down  lower  than  it  should,  comes  back  to  a  lower  point  than  it  would  otherwise 
have  fallen  to.     The  result  is  a  flattening,  or  even  a  concaving  of  that  part  of  the  curve. 

A  similar  thing  occurs  on  the  up  curve,  and  on  the  plain  induction  curve.  The  dis- 
tortion is  small,  but  since  the  curve  is  very  steep,  it  makes  a  large  percentage  error  in  cal- 
culating the  ferric  reluctivity. 

1  Elec.  Worid,  June  9,  1894. 

'On  Hysteresis,  Trans.  Am.  Inst.  E.  E.,  1892,  pp.  699  and  701. 
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6.  All  throws  of  the  galvamometer  must  be  of  the  same  magnitude.  This  because  the 
law  of  the  galvanometer  cannot  be  depended  upon,  the  theoretical  laws  being  only  ap- 
proximately followed  and  not  closely  enough  where  an  accuracy  of  ^  per  cent  is  re- 
quired. A  much  more  important  reason  is  that  the  amount  of  creeping  seems  to  be 
approximately  proportional,  according  to  some  experiments  of  the  writer's  students,  to 
the  change  of  induction.  It  is  therefore  evident  that,  by  changing  ^  by  a  constant 
amount  each  time  and  taking  approximately  the  same  time  for  each  throw,  the  results 
will  probably  be  more  reliable  than  when  working  more  or  less  at  haphazard. 

7.  If  we  change  H  to  H'  and  then  B  to  B'  the  state  reached  at  B'  will  not  be  stable, 
even  after  creeping  has  stopped. 

For  if  we  wind  on  the  iron  ring  a  few  turns  of  wire  through  which  a  very  feeble  cur- 
rent may  be  sent,  which  we  call  dH^  then,  on  changing  H  from  say  3  to  4,  and  then  ob- 
serving the  value  of  By  if  we  next  throw  on  dH  so  that  its  gilbertance  is  in  the  opposite 
direction  to  that  of  the  main  coil,  we  shall  find  that  B  is  diminished  by,  say  50  lines. 
If,  however,  the  direction  oidH  is  the  same  as  that  of  H^  then  B  will  be  increased  by, 
say  5  lines  only.  This  would  be  bad  enough,  but  the  matter  b  still  further  complicated 
by  the  fact  that  if,  after  changing  H  from  3  to  4  and  then  throwing  dH  on  in  the  same 
direction  as  /',  giving  an  increase  of  from  B  \o  B'  -y  5,  we  then  reverse  dH^  B'  does 
not  fall,  as  might  be  expected  from  ^^  -|-  5  to  ^'  —  50,  but  only  to  B'  —  5.  What 
the  ultimate  value  of  B'  is,  then,  when  /r=  4  and  dH  has  been  removed,  depends  upon 
which  direction  dH  was  first  applied. 

It  is,  therefore,  impossible  to  get  accurate  magnetic  curves  with  a  dynamo  current,  as 
the  minute  fluctuations  affect  the  result,  and  may  not  affect  it  twice  in  the  same  way. 

This  effect  was  investigated  by  one  of  the  writer's  students,  Mr.  Davis,  <  in  1896-7. 
The  amount  of  the  effect  seems  to  depend  upon  the  permeability.  For  this  reason  the 
step  by  step  method  was  used  in  preference  to  that  of  reversals. 

An  additional  reason  for  using  a  battery  current  is  that  small  changes  of  H  due  to  small 
pulsations  in  the  current,  as  the  brushes  pass  over  the  commutator  segments,  seem  to 
change  the  rate  of  creeping,  and  also  the  amount. 

The  existence  of  the  above  phenomena  is  an  additional  reason  against  using  a  rheostat 
with  sliding  contact. 

8  The  time  constant  of  the  circuit  must  be  small  as  compared  with  that  of  the  gal- 
vanometer, as  otherwise  the  system  will  begin  to  move  before  all  the  discharge  has  passed. 

Sometimes  the  time  constant  is  larger  than  would  be  expected  without  calculation.* 
In  the  test  about  to  be  described  the  above  effects  were  taken  into  account,  as  well  as 
others,  better  known,  due  to  thermo-electric  currents,  leakage,  heating  of  resisunce,  and 
lack  of  uniform  temperature. 

The  rings  were  of  the  best  kind  of  transformer  iron,  cut  to  size  on  a  tinner's  machine, 
not  punched,  and  carefully  annealed.  They  were  kindly  furnished  by  the  Westinghouse 
Co.  In  other  samples,  where  the  method  of  annealing  was  such  that  gas  or  carbon  might 
be  absorbed  in  the  annealing,  I  have  found  that  good  results  were  obtained  by  enclosing 
the  rings,  embedded  in  sulphur-free  iron  peroxide,  in  a  cast-iron  box,  with  sides  one 
inch  thick.  Some  of  the  peroxide  will  be  reduced,  and  it  can  be  seen  whether  the  gas 
has  got  to  the  plates  or  not  by  the  difference  in  color  of  the  oxide. 

*  Thesis,  **  On  the  Closed  Magnetic  Circuit  in  Telephones.'* 

'  In  the  case  of  the  field  rings  for  the  Niagara  generators,  the  time  constant  was  meas- 
ured in  minutes,  and  Mr.  SciHt  and  the  writer  had,  therefore,  to  devise  a  method  in 
which  the  time  rate  of  change  of  induction  was  kept  constant,  and  the  time  for  the 
complete  discharge  was  the  thing  noted. 
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Each  individual  ring  was  examined  to  see  if  the  coating  of  oxide  was  abnormally 
thick  or  held  much  magnetic  oxide.  If  so,  it  was  rejected.  So  far,  the  writer  has  been 
unable  to  find  any  way  of  getting  at  the  true  cross-section  of  the  iron  without  destroying  the 
rings  in  cracking  the  scale  off,  but  for  the  present  purpose  that  was  unnecessary,  as  rela- 
tive values  only  were  required  and  a  mistake  as  to  the  cross-section  would  affect  all  con- 
stants in  the  same  ratio.  The  accepted  rings  were  measured  across  three^diameters,  inside 
and  outside,  on  the  bed  of  a  comparator. 

This  may  seem  an  unnecessary  refinement,  but  it  was  the  shortest  way,  and  it  was 
thought  best  to  know  the  mean  circumference  with  some  degree  of  accuracy. 

The  rings  were  then  shellaced,  dried,  built  up  into  one  thick  ring,  10  inches  inside 
diameter,  12  inches  outside  diameter,  and  I  inch  thick.  This  was  then  carefu  ly  insulated 
with  varnished  paper,  and  both  primary  and  secondary  wound  symmetrically,  1.  ^.,  the 
wires  spired,  evenly  round  the  whole  of  the  circumference  so  as  to  prevent  uneven  distri- 
bution of  magnetic  leakage.     Then  the  whole  was  shellaced  and  dried. 

The  galvanometer  was  astatic,  of  a  well  known  type,  with  four  bell-shaped  magnets 
in  the  system,  being  rendered  more  or  less  sensitive  by  screwing  up  a  ring  on  one  of  the 
magnets.  * 

It  was  enclosed  in  a  cylinder  of  soft  cast  iron,  with  top,  sides  and  bottom  of  a  thick- 
ness of  6  inches.  The  mirror  was  true,  and  the  cover  glass  of  the  galvanometer  was  a 
parallel  plane,  ground  by  the  writer  at  Mr.  Brashear's  shop. 

The  scale  had  been  tested  by  the  Soci6t6  Genevoisc  comparator  mentioned  above.  The 
telescope  was  of  the  usual  type,  and  special  arrangements  were  made  to  secure  good 
lighting  of  it. 

The  suspension  was  a  quartz  fiber,  6  inches  long.  The  period  of  the  system  was  20 
seconds,  reached  by  laying  a  piece  of  a  magnetized  file  inside  the  iron  case  between  the 
bottom  of  the  case  and  the  bottom  of  the  galvanometer  and  moving  it  about  until  the 
desired  sensibility  and  position  were  obtained. 

The  variable  resistance  was  made  after  the  fashion  of  a  Varley  rheostat,  two  wires 
wound  in  grooves  on  two  pairs  of  wooden  cylinders  I  foot  in  diameter.  But  along  one 
cylinder  of  each  pair  was  laid  a  metallic  strip  with  holes  drilled  in  it.  In  these  holes 
small  copper  plugs  could  be  screwed,  in  such  fashion  that  where  there  were  no  copper 
plugs  the  wire  passed  over  the  strip,  but  where  a  plug  was  inserted  the  wire  rested  on  it 
and  so  made  contact  with  the  strip.  In  turning  the  cylinder  the  wire  was  wound  up  un- 
til it  reached  the  groove  where  there  was  a  copper  plug,  when  the  contact  was  made  and 
the  resistance  of  the  circuit  decreased  by  the  amount  desired.  In  hysteresis  tests,  one 
pair  is  used  for  the  up  curve  and  one  for  the  down. 

A  preliminary  run  was  made  between  the  values  of /^desired,  with  the  plugs  arranged 
by  guess.  From  this  the  position  in  which  the  plugs  must  be  placed  to  give  equal  dcHec- 
tions  on  the  galvanometer  were  calculated,  and  the  plugs  so  placed.  The  wires  were  Ger- 
man silver,  of  ample  carrying  captacity,  and  the  heating  very  light  owing  to  this  and  to 
the  large  surface  exposed  to  radiation.  The  ends  of  the  pins  were  grooved  so  that  the 
contact  should  be  good  and  sharp. 

The  iron  was  demagnetized  by  careful  reversal,  in  diminishing  cycles,  combined 
with  tapping,  the  ring  being  hung  so  that  the  plane  of  the  ring  was  perpendicular  to 
the  direction  of  the  earth's  total  magnetic  field.  The  ring  at  first  had  an  alternating 
current  generated  in  it,  with  a  view  to  shaking  out  the  magnetism,' but  this  was 
afterward  abandoned,  as  it  was  thought  that  it  might  introduce  errors  by  possibly 
leaving  some  circular  magnetization.  The  current  was  measured  by  a  Weston  milli- 
>Willyoung,  Elect.  Eng.,  N.  Y.,  Nov.  16,  1892. 
'Ewing,  Mag.  Ind.  in  Iron,  p.  318. 
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ammeter  which  could  be  read  to  ^  per  cent  of  the  maximmn  magnetizing  current 
used,  f.  /.,  about  1.45  amperes.  The  proportionality  of  this  scale  had  been  corrected  for 
a  particular  position  and  orientation  in  the  laboratory,  by  an  accurately  calibrated  slide 
wire  bridge,  almost  free  from  thermo-electric  effects.  Its  absolute  constant  was  deter- 
mined by  a  Kelvin  centi-amp^re  balance,  whose  constant  had  been  frequently  determined, 
but  not  much  care  was  taken  with  this,  as  only  relative  values  were  desired  and  any  great 
accuracy  as  regards  this  point  would  indeed  have  been  absurd,  in  view  of  the  fact  that 
the  true  cross-section  of  the  iron  could  not  be  accurately  known  within  several  per  cent, 
so  that  absolute  values  were  unobtainable. 

The  ring  was  suspended  in  slings  in  a  wooden  frame,  to  prevent  vibration  and  allow 
free  radiation,  and  placed  so  as  to  be  free  from  all  outside  magnetic  influences.  The 
temperature  of  the  galvanometer,  ring  and  ammeter  were  known.  The  measurements 
were  made  in  the  spring  of  the  year,  and  during  the  hoiu-  which  each  set  took,  approxi- 
mately, the  temperature  of  the  basement  room  did  not  change,  as  a  rule,  more  than  two 
degrees,  whibt  the  galvanometer  temperature  change  was  so  slight  (in  its  double  cover- 
ing), that  it  never  reached  ^  degree,  which  was  as  small  a  change  as  the  thermometers 
used  could  show.  The  wire  used  on  the  iron  ring,  consisting  of  flat  strands  of  fine  wire 
for  both  primary  and  secondary  was  of  ample  cross- section,  for  the  double  purpose  of 
keeping  the  heating  negligible  and  of  having  that  part  of  the  resistance  outside  the  gal- 
vanometer box  as  small  as  possible,  so  that  changes  in  the  room  temperature  would  have 
but  a  small  eflect  on  the  total  resistance  of  the  secondary  circuit. 

In  making  the  test,  approximately  the  same  time  elapsed  between  each  throw.  Elach 
throw  was  about  15  inches,  and  as  the  inches  were  divided  into  tenths  and  each  tenth 
could  be  read  to  the  decimal  part,  the  accuracy  of  the  reading  must  have  been  approxi- 
mately ^  per  cent.  The  constant  of  the  galvanometer  was  determined,  roughly,  as  ac- 
curacy was  not  necessary  here,  by  a  mutual  induction  coil,  wound  on  glass.  By  means 
of  this  coil  and  the  Weston  milliameter  mentioned  above,  the  relation  between  quantity 
and  throw  was  very  accurately  determined,  especially  for  that  part  of  the  scale  which  the 
readings  obtained  in  the  experiment  proper  fell  upon. 

The  third  and  best  curve  obtained  is  given  in  Fig.  8.  The  dots  representing  the  ob- 
servations are  covered  by  the  line,  the  greatest  deviation  from  the  line  being  almost  ex- 
actly \  per  cent,  of  the  maximum  ordinate,  when  all  corrections  were  made.  Below 
H  =z  lyi  the  line  begins  to  deviate  from  the  formula,  and  below  H^=  %  the  agreement 
is  not  even  approximate. 

As  a  further  example  of  the  accuracy  obtainable  by  this  method  it  may  be  said  that  a  set 
of  six  hysteresis  curves  was  taken,  in  the  following  year,  by  Mr.  Kennelly  and  the  writer 
in  conjunction,  with  the  same  apparatus  (with  the  exception  of  the  resistance  cylinders, 
for  which  were  substituted  separate  coils  hanging  in  mercury  cups  and  suspended  in 
mineral  oil,  being  short  circuited  or  cut  in  circuit,  as  it  was  desired  to  vary  the  current] 
and,  with  much  more  unfavorable  temperature  conditions,  the  worst  hysteresis  curve  ob- 
tained closed  up  to  within  %  of  one  per  cent,  of  the  difference  of  B  between  H^=.  -\-  max. 
and  /^=  —  max.  the  best  curve  being  out  ^  per  cent.,  and  the  error  of  the  other  curves 
lying  between  these  values.  Without  the  above  mentioned  precautions  the  writer  has 
never  been  able  to  depend  upon  hysteresis  curves  closing  up  within  two  per  cent. 

The  curvature  at  the  commencement  is  always  found.  It  becomes  much  more  sharp 
when  the  diflerence  between  the  inside  and  outside  diameters  of  the  ring  is  taken  into  ac- 
count. 

If  not,  the  error  may  amount  to  several  per  cent. ,  and,  in  fact,  for  accurate  results  this 
must  always  be  allowed  for. 

In  the  curve  given.  Fig.  7,  a  curve  was  drawn  first  from  the  corrected  observations. 
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Thon  from  the  values  of  a  and  b  obtained  from  this  first  curve,  an  allowance  was  made 
for  the  error  caused  by  the  mean  permeability  not  being  the  permeability  of  the  mean 
length.  From  this  the  correct  curve  was  drawn,  it  not  being  necessary  to  make  a  second 
approximation,  as  this  would  alter  the  values  by  less  than  the  experimental  probable  error. 

The  elbow  may  be  removed,  as  shown  in  the  following  curves,  Fig.  5,  taken  from  the 
observations  of  Gerosa  and  Finzi,*  which  show  that  when  the  iron  is  shaken  up  the  elbow 
disappears,  but  that  a  and  b  are  not  greatly  changed. 

It  is  thought  that  the  above  experiment,  made  with  a  view  to  testing  the  matter  as  ac- 
curately as  might  be,  proves  rather  definitely  that  we  have  here  no  rough  empirical  form- 
ula, but  the  expression  of  a  physical  fact ;  1.  /.,  that  the  intrinsic  reluctivity  is  a  linear  func- 
tion of  the  drop  of  magnetic  potential  per  linear  cm.  This  may  be  considered  the  touch- 
stone of  the  electrical  theories,  and  as  proving  without  doubt  that  #c  is  a  density  and  ;i  the 
reciprocal  of  an  elasticity. 

The  following  formulae  are  given,  as  being  of  use  in  electromagnetic  design  : 

(1,2,3)  Vi  =  al^bB  =  a-{bir=al{i-^bB). 
(4)  B  =  IIl{a-^bH),         (5)  H=^aB\{\'-'bB). 

(7)  ^^^=alv^  =  aB^lHK  (8)  ^  =  .007  approx. 

Where  B  has  been,  for  practical  purposes,  taken  as  equal  to  B^  in  nos.  4,  5,  6  and  7.  / 
represents  current,  »  =  number  of  turns,  /'^  total  magnetic  lines,  j5  =  lines  per  sq. 
cm.,  /^=  difference  of  magnetic  potential  per  cm.,  vi  =  i/(;i  —  i ),  Z  =  length  of  part  of 
magnetic  circuit  considered,  R  =  cross-section  of  same,  c  =  leakage  coefficient  of  same, 
ti  ^  hjrsteresis  loss  per  sq.  cm.  per  cycle. 

Appendix  B. 

Resume  of  Previous  Work. 

It  was  pointed  out,  in  another  portion  of  this  paper,  that  given  a  knowledge  of  the  na- 
ture of  the  electric  and  magnetic  quantities,  there  is  no  difficulty  in  inventing  suitable 
theories  in  regard  to  configuration,  the  number  of  such  theories  being  chiefly  a  matter  of 
permutations  and  combinations,  but  that  each  theory  of  the  configuration  virtually  implies 
a  theory  of  the  constitution  of  matter. 

In  the  present  appendix  it  is  not  my  intention  to  give  an  account  of  all  the  work  done 
during  the  search  for  a  solution  of  the  problem  with  which  this  paper  is  concerned,  for  a 
record  of  this  work,  which  has  occupied  a  considerable  portion  of  my  leisure  during  a 
period  of  ten  years,  would  be  veiy  voluminous.  I  shall  deal  only  with  that  part  of  it 
which  tends  in  some  way  to  throw  light  upon  the  nature  of  the  atom,  and  with  that  but 
very  briefly.  The  results  will  be  given  in  logical  order  and^not  in  the  order  in  which  they 
were  obtained. 

Properties  of  the  Atom. 

Various  estimates  have  been  made  of  the  size  of  the  atoms.  There  is,  however,  this 
question  to  be  first  answered  :  "  Have  the  atoms  definite  sizes  ?" 

If  we  take  45  c.  c.  of  potassium  and  18  c.  c.  of  solid  chlorine  they  can  unite  chemically 
to  form  a  quantity  of  KCl  occupying  a  space  of  but  37  c.  c.    One  natural  explanation  of 

>  See  Ewing,  Mag.  Ind.  in  Iron,  p.  319. 
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this  fact  that  has  been  suggested,  is  that  even  in  a  solid  the  atoms  do  not  lie  closely  adja- 
cent to  each  other  and  hence  there  is  abundant  space  for  contraction  even  after  the  addi> 
tion  of  other  atoms.     But  this  appears  to  be  negatived  by  a  number  of  facts.     In  the  6r5t 
place  it  is  difficult  to  see  how  fusion  can  mean  anything  else  than  that  the  atoms   hare 
been  driven  so  far  apart  by  reason  of  the  increase  of  kinetic  energy  that  they  can  slide 
over  one  another  and  take  each  other's  places.     Hence  in  a  solid  it  seems  reasonable  to 
suppose  that  they  are  so  close  together  that  this  sliding  over  is  impossible.     Secondly, 
from  Van  der  Waal's  equation  we  may  make  an  estimate  of  the  volume  of  the  atoms  com- 
pared with  that  of  the  space  occupied  by  them  at  the  critical  volume,  and,  hence,  if  we 
further  deduce  what  this  ratio  must  be  for  the  solid  state  we  see  that  the  atoms  must  be 
nearly  touching  each  other  in  this  latter  condition.     Again,  the  fact  that  the  electric  con- 
ductivity  and  some  other  properties  vary  directly  with  the  temperature  as  the  temperature 
is  lowered  whilst  these  same  properties  are  much  altered  by  change  of  density,  renders 
it  hard  to  believe  that  there  is  any  abrupt  change  in  the  volume  of  solids  as  we  i^proach 
the  absolute  zero,  which  would  apparently  be  necessitated  by  this  explanation. 

A  second  theory  is  that  of  Shrdder,  who  assumes  that  the  atom  may  have  two  or  more 
different  volumes,  the  volume  of  the  atom  depending  upon  the  nature  of  the  chemical 
combination. 

It  has  been  shown  by  the  writer  ^  that  neither  of  these  suppositions  is  necessary.  If 
we  take  loo  balls  of  pitch,'  each  having  a  diameter  equal  to  that  of  a  cube  containing 
.45  c.  c.  and  stack  them  in  rectangular  array,  as  shown  in  Fig.  I,  a,  they  will  occupy  a 
space  of  45  c.  c.    We  may  assume  the  rectangular  order  as  that  naturally  taken  by  bodies 


Fig.   1. 

attracting  each  other  and  at  the  same  time  repelled  by  their  mutual  collisions.  If  the 
repelling  force  be  increased  by  further  heating,  they  separate  further  and  can  now  slide 
over  one  another.  If  the  kinetic  energy  be  lessened,  or  some  additional  attractive  force 
brought  into  play,  the  atoms  come  closer  together  and  the  substance  is  no  longer  isotropic 
but  tends  more  to  be  crystalline. 

Take  now  loo  other  balls,  each  having  a  diameter  equal  to  the  side  of  a  cube  whose 
volume  is  .  18  c.  c.  Stack  them  in  rectangular  order  and  they  will  occupy  a  space  of 
18  c.  c. 

Next  arrange  alternate  layers  of  the  large  and  small  balls,  as  shown  in  Fig.  1,  f*^  where 
the  attraction  of  the  chlorine  atoms  is  supposed  to  have  pulled  the  potassium  atoms  over, 

'  Elect.  Worid,  Aug.  22,  1891.     Science,  March  3,  1893. 

*  Best  made  by  pouring  a  slab  of  pitch,  cutting  up  to  weight  wbA  rolling  between  boards 
covered  with  pigment.  Or,  if  a  squirting  machine  b  available,  by  cutting  up  squirted  rod 
in  proper  lengths  and  rolling  as  before. 
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as  shown.    On  measuring  the  volume  now  occupied  by  both  sets  of  balls  it  will  be  found 
to  be  nearly  37  c.  c. 

This  simple  experiment  may  not  be  considered  convincing.  But  when  we  fipd,  on 
applying  the  simple  formula  thence  derived,*  that  we  obtain  not  only  the  correct  molecular 
volumes  of  KQ,  NaCl,  KOH,  NaOH,  Caes.  CI,  Rub.  CI,  and  other  salts,  and  when  in 
addition  we  Bnd  that  in  most  cases  so  far  tested  the  experiment  also  gives  the  correct  crys- 
talline angles,'  we  are  to  a  certain  extent  justified  in  holding  that 

A.  The  space  occupied  by  the  atoms  of  a  metal  to  the  exclusion  of  other  atoms  is  of  an 
approximately  spherical  shape  at  ordinary  temperatures. 

B,  The  atoms  of  a  nutaly  the  metal  being  in  a  solid  state y  are  not  widely  separated^  but 
the  shortest  distance  between  the  surfaces  of  two  adjacent  alotns  «»  of  the  order  of  one  per 
cent,  of  the  diameter  of  the  atom  itself  when  at  temperatures  not  near  the  fusion  pi  'nt. 

Metalloids,  as  we  know  from  their  low  specific  heats,  form  molecular  groups  iii  the 
solid  state.  Hence  we  may  have  more  than  one  melting  point,  first  when  molecule  can 
slide  over  molecule,  and  second  when  atom  can  slide  over  atom.  If  the  atom  or  mole- 
cule be  very  irregular  in  shape,  a  separation  sufticient  to  permit  of  this  sliding  may  so 
weaken  the  cohesive  force  that  it  is  overbalanced  by  the  kinetic  repulsion  and  the  sub- 
stance gasifies  without  melting. 

Since  also  we  find  that  it  is  possible  to  predict  the  crystalline  shape  of  but  few  of  the 
metalloids  by  means  of  the  method  mentioned  above,  we  are  led  to  consider  the  follow- 
ing statements  as  probable.     For  definition  of  metalloids  see  Fig.  2. 

C  Metalloids  differ  from  metals  in  that  their  atoms  have  not  an  approximately  spherical 
shape, 

D.  The  melting  point  and  expansion  of  the  elements  is  a  function  of  the  shape  of  the 
atoms. 

Cauchy,  in  1835  made  the  first  estimate  of  the  size  of  the  atom,  and  in  1870,  Kelvin 
by  other  methods  arrived  at  the  conclusion  that  the  mean  distance  between  the  centers 
of  contiguous  molecules  was  less  than  10 ~*  cm.,  and  more  than  5. 10 -»o  cm. 

Recent  determinations  by  different  methods  agree  quite  closely,  and  it  would  seem  as 
if  the  mean  of  the  results  cannot  be  far  from  the  truth. 

Given  by.*  Value. 

Nemst,  Theoretical  Chemistry  2.58X10-' 

Nernst,  "  "         2.69XlO-» 

Risteen,  Molecules  and  Mol.  Theory  .    .  3.8    X  lO"* 

J.  J.  Thomson,  Recent  Papers 3.34X10-* 

R.  A.  Fessenden,  unpublished      2.79X10-' 

Taking  into  consideration  the  direction  of  the  probable  error  of  these  determinations 
we  obtain  : 

E.  rhe  diameter  of  the  mercury  atom  is  2. 75  (  dr  0.2)  lo  —  •  cm. 

F.  The  ioni  charge  w  4  ( rfc  I )  lo- 1«  E.  S.  units. 

This  ionic  charge,  **  the  natural  unit  of  electricity,"  as  Lodge  aptly  calls  it  (first  calcu- 
lated by  Everett,  and  later,  independently  by  Lodge)  has  long  been  considered  as  the 
cause  of  chemical  action.     This  theory  has  been  worked  out  in  considerable  detail  by 

*  Science,  March  3,  1893.  •  Molecular  Physics,  Frank.  Inst.,  September,  1896. 

*  Nemst,  from  Qausius-Mossotti  theory  of  dielectrics  and  from  kinetic  theory  of  gases ; 
Risteen  from  surface  tension  of  mercury  by  Kelvin's  method ;  J.  J.  Thomson  from  ionic 
equivalent  of  gases;  Fessenden  from  surface  tension  of  mercury  by  Ostwald*s  method. 
All  reduced  to  mercury  atom. 
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Dayy,  Berzelius,  Helmholtz,  Arrhenius,  Qausius,  Ostwald,  Nemst  and  others,  with  the 
result  that  we  no  longer  consider  *•  chemical  force  "  as  a  separate  force  but  merely  as  a 
particular  manifestation  of  electric  force. 

The  writer  was  able  in  1890  to  make  a  still  further  extension  of  the  field  of  electric 
action  by  showing  that  there  is  no  necessity  for  assuming  a  separate  "cohesive  force/* 


Fig;.  2. 

but  that  the  ionic  charges  fulfilled  yet  another  distinct  function,  in  that  they  are  capable 
of  accounting  tor  the  tensile  strength,  rigidity,  Young's  modulus  and  other  mechanical 
properties  of  bodies.  The  field  of  physics,  by  the  removal  of  these  two  forces,  has  thus 
been  reduced  to  the  consideration  of  the  forces  connected  with  electricity,  magnetism, 
gravitation  and  inertia. 

According  to  this  theory,  >  the  normal  atom,  in  the  neutral  state,  is  really  a  doublet, 
I.  e. ,  has  two  equal  charges,  one  positive  and  one  negative.  Two  such  atoms  when  at  a 
distance  will  exhibit  no  attraction  for  each  other,  but  on  being  brought  near  one  another 
will  be  attracted.  Attraction  under  these  circumstances  we  take  to  be  cohesion.  **  If 
however,  any  third  substance'  *  ( or  as  was  pointed  out  later,  any  other  molecular  form  of 
the  same  substance)  "  connects  the  outside  parts  of  the  atoms  and  so  enables  these  parts 

1  Not  published  till  July,  1891,  as  the  then  novel  idea  of  the  atoms  of  metals  having 
charges  was  considered  by  the  editors  to  whom  it  was  submitted  as  incompatible  with  the 
law  that  all  charges  must  reside  on  the  surface  of  conductors. 
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to  neutralize  each  other,  we  have  chemical  combination,  and  the  two  parts  when  sepa- 
rated show  opposite  charges,  as  at  C.*'*  » 

According  to  the  electrostatic  theory  of  cohesion,  therefore, 

G.  Chemical  action  and  cohesion  are  both  manifestations  of  the  same  force y  i.  e., 
electrostatic  attraction,  under  different  conditions. 

The  resultant  product  of  a  cohesion  effect  is  generally  isotropic,  whilst  that  of  a  chem- 
ical action  (owing  to  the  presence  of  atoms  of  different  sizes  or  valencies)  is  crystalline, 
f.  /.,  '<  the  atoms  in  one  case  may  be  grouped  in  any  direction,  and  in  the  other  they  are 
only  grouped  about  certain  axes  or  planes."' 

Taking  the  ionic  charge  as  4.10  ~  ^^  E.S.  units  and  the  diameter  of  the  silver  atom  as 
2.42  10 ~  *  cm.,  we  Bnd  that  the  total  quantity  of  electricity  on  a  sheet  of  silver  one  atom 
thick  and  one  cm.  square  is  6.8  .lo'  E.S.  units.  If  for  a  first  approximation  we  suppose 
the  flux  to  be  uniformly  distributed  we  find  for  the  attraction  between  two  such  sheets 
3.4  X  loT  dynes. 

Considering  a  silver  wire  one  mm.  thick  as  made  up  of  discs  one  mm.  in  diameter,  we 
find,  on  this  theory,  that  the  attraction  between  two  such  discs  is  270  kilogrammes.' 

From  Wertheim's  experiments  the  tensile  strength  of  a  silver  wire  one  mm.  in  diameter 
is  29  kilogrammes. 

We  have  taken  the  flux  density  as  uniform.  We  know  that  this  cannot  be  true  or  the 
resistance  to  lateral  shear  would  be  very  slight,  in  fact  the  substance  would  be  a  fluid. 
The  amount  of  the  attraction  will  depend  upon  the  distribution  of  the  charges,  but  we 
will  find,  on  examination,  that  if  we  reject  the  idea  of  indefinitely  large  flux  densities  at 
any  point,  any  conceivable  distribution  will  give  results  of  the  same  order  of  magnitude 
as  those  given  above. 

In  this  calculation  we  have  neglected  the  kinetic  repulsion.  Our  justification  for  this 
is  that  since  the  kinetic  repulsion  varies  roughly  as  the  cube  of  the  distance  between  the 
surfaces  of  the  atom,  and  the  attraction  varies  as  some  power  less  than  the  square  of  that 
distance,  the  force  required  to  stretch,  shear  or  pull  apart  a  body  will,  to  a  first  approxi- 
mation, be  determined  by  the  attractive  force  alone. 

If  the  theory  be  correct  and  the  disposition  of  the  charges  does  not  vary  greatly  for 
atoms  of  different  elements,  the  mechanical  properties  should  be  functions  of  the  size  of 
the  atoms,  since  the  ionic  charge  is  the  same  for  all  atoms.  The  following  formulae  and 
tables  show  that  such  is  the  case  : 

A.  Rigidity  =  28  X  'o"  -^  (atom.  vol. )« 

B.  Young's  Modulus  =  78  X  'o*  -^  ( »tom.  vol.  )• 

C.  Velocity  of  Sound  =  }  78  X  '<>"  -^  (atom,  weight  X  atom.  vol. )  j  \ 

D.  Tensile  Strength  =  Absolute  Temp,  of  Melt.  pt.  -^  ( I.92  X  atom.  vol.  }) 
The  last  is  for  wires  I  mm.  in  diameter. 

The  elasticity  of  such  substances  as  India-rubber,  gelatine  and  ivory  was  investigated. 
It  was  found  that  the  abnormally  high  value  of  Poisson's  ratio  for  such  substances  was  due 
to  the  fact  that  their  elasticity,  as  measured  in  the  ordinary  way,  bears  no  direct  relation 
to  the  true  elasticity  of  the  material,  but  is  a  matter  of  configuration.     It  was  shown  *  that 

>  Science,  July  22,  1892.  J.  J.  Thomson  showed  later  that  the  proximity  of  a  dielec- 
tric of  greater  capacity  would  have  the  same  effect. 

'Molecular  Physics,  Franklin  Inst.,  Sept.,  1896. 

•Given  as  4$  kilogrammes  in  Electrical  World ,  August  22,  1 891,  owing  to  a  slightly 
different  value  having  been  taken  for  the  size  of  the  atom. 

♦Mol.  Phys.,  Frank.  Inst.,  September,  1896. 
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such  substances  consist  of  two  or  more  compounds,  interpenetrating  but  not  combining 
with  one  another.  It  was  shown  that  the  heating  on  stretching,  the  cooling  on  relaxing 
and  the  shortening  when  stretched  and  heated,  followed  as  a  natural  consequence  of  the 
configuration.  The  different  compounds  were  differentiated  under  the  microscope  aod, 
in  the  case  of  India-rubber,  by  following  Faraday's  method,  isolated  chemically.  The 
shape  of  the  elasticity  curve  was  predicted  and  the  prediction  was  verified  by  the  writer 
and  by  Professor  Thurston.  ^  Substances  were  made  which  had  the  shape  of  the  elastic- 
ity curve,  the  property  of  polarizing  light  on  being  stretched,  and  the  value  of  Poisson^s 
ratio  the  same  as  rubber,  but  which  on  simple  pressure  could  be  differentiated  into  two 
substances,  each  of  which  had  the  usual  form  of  elastic  curve,  now  heated  instead  of 
cooling,  on  compression,  and  now  had  a  value  of  Poisson's  ratio  nearly  one-half  of  what 
it  was  previously.  The  behavior  of  these  abnormal  substances  was  thus  shown  not  to 
conflict  at  any  point  with  that  called  for  by  the  electrostatic  theory  of  cohesion. 

Table  I. 


Metal. 

Iron. 

Copper. 

Platinum. 

Zinc. 

Silver. 

Gold. 

Aluminum. 

Cadmium. 

Magnesium.' 

Tin. 

Uad. 


Atom.  Vol 


7.1 

7.1 

9.1 

9.2 

10.2 

10.2 

10.4 

13. 

14. 

16.3 

18.1 


Rigid, 
-no^ 


750 
430 

350 

.280 

270 

250 


150 

136 

84 


Calc. 


550 
550 


340 


I  270 

i  260 

I  170 

,  143 

:  100 

\  83 


Young.  M.I   Calc.  ,  Ten*,  atr.  '     Ca 


2000 


1560  ;      65 


1220     I  1560        41 

:  :     35 

15.7 
29.6 
28.5 
18. 


10.4 
3.4 
2.36 


930 

920 

740 

750 

760 

750 

680 

690 

480 

465 

390 

395 

420 

295 

190 

235 

74 
48 
48 
16 
29 
29 
18 

9 

5 
4 


It  was  found  that  there  existed  a  relation  between  the  velocity  of  sound  and  the  elec- 
tric conductivity  of  the  pure  metals  as  follows  : 

H.  If  we  take  itnres  of  t7vo  pure  metals^  having  an  equal  number  of  moiecules  in  the 
cross  section ^  then  the  resistances  of  the  wires  tvi/i  be  proportional  to  the  times  taken  by  a 
sound  wave  to  trcn>erse  them. 

The  supposition  is  here  made  that  whilst,  as  regards  specific  heat,  the  pure  metals  be. 
have  as  if  there  were  only  one  atom  in  the  molecule,  as  regards  electricity  they  behave  as 
having  the  number  of  atoms  per  molecule  numerically  equal  to  the  valence.  The  grounds 
for  this  assumption  may  be  questioned,  the  reasons  for  making  it  are  given  in  another  paper.' 

The  formula  for  the  electric  resistivity  at  o®  C.  of  any  metal  is  thus  : 

Resistivity  =  14.04  X  atom.  vol.  X  >^atom.  weight  X  ▼alency. 
Table  II.  on  opposite  page  shows  the  observed  and  calculated  resistivities. 
The  tests  on  Zn,  Sn  and  Pb  were  made  on  pressed  wires. 

It  should  be  pointed  out  that  the  conductivities  of  two  substances,  which,  as  de- 
termined at  the  time  when  this  relation  was  first  published,*  were  too  low,  hare  since 

» Science,  May  1898. 

*  The  tensile  strength  of  magnesium  was  f^edicted.  Science,  July  22,  1892,  and  Thurs- 
ton's tests  London  Elect,  June  5,  1896,  showed  it  to  agree  with  theory. 

•Conduction and  Insulation,  Amer.  Inst.  E.  E.,  March,  1898.    « Science,  July  22,  1892. 
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been  foand,  by  later  experimenters  working  with  pure  materials,  to  be  in  agreement  with 
the  formula.  I  refer  to  aluminium  and  magnesium,  whose  resistivities  were  given  as  2881 
and  4162  respectively,  but  the  former  of  which  has  been  found  by  Richards  and  Thomson  ' 
to  have  the  restivity  2370  for  the  pure  material,  and  magnesium,  which  has  been  shown 
by  Thurston  *  to  have  a  resistivity  of  3835.  In  the  case  of  zinc,  tin  and  lead  it  will  be  noted 
that  through  the  absolute  values  are  low,  the  ratios  are  correct.  It  is  barely  possible 
that  the  fact  that  these  three  materials  were  all  tested  in  the  form  of  squirted  wires  may 
have  something  to  do  with  the  discrepancy. 

Table  II. 


Metal.       Atom.  vol.  lAtom.wt.^^l    Valency.   !     R.  calc. 


Cu. 

7.L 

7.94 

Ag. 

10.2 

10.39 

Au. 

10.2 

14.05 

Al. 

10.5 

5.2 

Mg. 

14. 

4.9 

Zn. 

9.4 

8.09 

Cad. 

13. 

10.58 

Sn. 

16.2 

10.86 

Pb. 

18.2 

14.38      i 

1583 
1488 
2012 
2300 
3852 
4270 
7722 
9880 
14695 


Obaerver. 

Mathiessen. 


Rich.  &  Thomp. 

Thurston. 

Mathiessen. 

Benoit. 

Mathiessen. 


This  formula,  whilst  in  some  cases  not  entirely  satisfactory  (though  in  view  of  the  fact 
that  already  in  two  cases  the  fault  has  been  found  to  lie  with  the  phjrsical  measurement  and 
not  with  the  formula,  it  may  happen  that  the  other  exceptions  may  also  fall  into  line)  is  of 
interest  as  linking  together  the  phenomena  of  the  conduction  of  sound,  heat  and  elec- 
tricity in  wires.  I  have  suggested  elsewhere  that  the  velocity  with  which  heat  and  elec- 
tricity travel  in  a  wire  may  be  that  of  sound.  In  the  case  of  heat,  the  experiment  might 
possibly  be  made,  in  spite  of  the  veiy  rapid  logarithmic  tailing  down,  due  to  the  wire's 
heat  capacity  (hence  similar  to  the  case  of  an  electric  cable),  by  a  thermocouple  at  one 
end  of  a  short  piece  of  gold  or  platinum,  heated  very  suddenly  at  the  other  end  by  electric 
means.  But  in  the  case  of  the  electric  current,  as  Maxwell  and  Heavyside  have  pointed 
out,  we  know  absolutely  nothing  of  the  velocity  with  which  electricity  travels  in  the 
wire.     "  It  may  be  an  inch  an  hour  or  it  may  be  immensely  great.''  * 

The  theory  was  applied  to  fluids.  It  was  shown  that  whether  a  body  is  solid' or  fluid 
or  a  gas  or  vapor  depends  upon  whether  the  fraction 

Cohesive  force  of  atoms  for  one  another  -)-  external  force 

Kinetic  repulsion -|- cohesive  attraction  for  other  atoms 

is  greater  or  less  than  unity.  From  this  equation  of  state  it  will  be  seen  that  we  can  pro- 
duce dissociation  in  two  ways :  by  decreasing  the  numerator  or  increasing  the  denomina- 
tor. If  we  increase  the  flrst  term  of  the  denominator  we  disassociate  by  heating,  if  we 
increase  the  second  term  by  bringing  the  atoms,  say  of  NaCl,  in  contact  with  other  atoms, 
of  say  H,0,  we  disassociate  by  solution.  It  is  shown  that  this  leads  us  to  the  idea  of 
an  ** osmotic  suction"  instead  of  an  <* osmotic  pressure,"  and  that  the  change  in  the 

1  Journal  Franklin  Institute,  March,  1897. 
'London  Elect.,  June  5,  1896. 
•Heavyside,  Papers,  II.,  p.  394. 
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"  Tolume  force ' '  thus  brought  about  accounts  for  the  heating  on  solution,  and  other  dif- 
ficulties of  the  *«  osmotic  pressure  *'  theory.  Some  applications  were  made  to  the  theory 
of  electrolytic  conduction. 

The  theory  was  also  applied  to  gases,  and  it  was  pointed  out  that  the  constant  a  in  Van 
der  Waal's  equation 

{p^ro\i/^)(y  —  b)  =  RT 

should  be  a  function  of  the  volume  b.  That  this  is  true  is  shown  by  the  following  table, 
the  values  being  taken  from  Ostwald's  **  Outlines  of  General  Chemistry," 

Substance.  a  X  10,000  b  X  xo,ooo. 

Dyethylamine 
Ethyl.  Acet. 
Ether 
Benzine 
Ethyl.  Form. 
Chloroform 
Acetone 
Methyl.  Acet. 
Alcohol 
Ethyl.  Chlor. 
CS, 
SO, 
NO, 

and  a  mo<liBed  form  of  the  equation,  i.  ^., 

was  suggested,  c  having  the  same  value  for  all  gases. 

Although  received  with  so  little  favor  at  Brst  that  it  was  over  a  year  before  publication 
could  be  obtained,  the  theory  seems  now  to  be  on  a  better  footing.  The  electrification 
of  separate  sheets  of  mica,  etc.,  is  in  its  favor,  and  Ostwald  pointed  out  in  a  letter  to  the 
writer,  September  16,  1891,  that  some  experiment  of  his  along  a  shnilar  line  were  of 
interest  in  this  connection. ' 

About  a  year  and  a  half  after  its  first  publication,  it  was  shown  by  Chattock  ( Phil.  Mag., 
Dec,  1892)  that  the  piezo-electric  and  thermo-electric  properties  of  crystals,  and  the 
dielectric  strength  of  gases,  could  be  accounted  for  along  these  lines. 

In  the  case  of  these  phenomena,  since  we  are  dealing  with  chemical  compounds,  and 
not  simple  elements,  there  is  nothing  to  show  that  the  effect  is  not  merely  a  mechanical - 
chemical  one,  or  that  there  does  not  exist  a  force  of  cohesion  in  addition  to  the  force 
exerted  by  tbc  electric  charges  which  we  know  to  be  active  in  chemical  action.  But 
Chattock  was  Ictl,  in  addition,  independently,  it  appears,  to  the  same  conclusion  as  the 

*  **The  electrostatic  theory  of  cohesion  is  new  to  me,  and  interesting,  in  as  much  as, 
according  to  my  experiments,  the  cleavage  surfaces  of  almost  all  bodies  appear  to  be 
clcctricftlly  charged.**  A  point  which  he  raises,  **For  electrolytes  there  would  be  the 
question  to  answer,  *  Why  substances  like  alcohol,  etc.,  show  no  ions?*  whilst  according 
to  )'our  theory,  all  elements  have  electric  charges*'  is,  I  think,  explained  on  taking  into 
acvx>unt  the  diflerent  ways  in  which  the  atoms  are  charged  in  chemical  and  cohesive 
efiects. 
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writer,  f.  e.^  that  cohesion  as  well  as  chemical  action  is  to  be  accounted  for  by  the  ionic 
charges. 

Magnetic  Rotation  of  Light. 

Both  Kelvin  and  Maxwell,  from  a  study  of  the  phenomenon  of  the  magnetic  rotation 
of  light,  came  to  the  conclusion  that,  to  quote  Maxwell,  "  at  each  point  of  the  medium 
something  exists  of  the  nature  of  an  angular  velocity  about  an  axis  in  the  direction  of  the 
magnetic  force." 

I  have  never  been  able  to  persuade  myself  of  the  validity  of  the  proof  given,  as,  in 
spite  of  Maxwell's  disclaimer,  it  seems  to  me  that  both  proofs  virtually  imply  a  certain 
class  of  theories  of  light.  If,  indeed,  it  were  proven  that  rotation  is  possible  in  vacuo, 
then  we  would  be  forced  to  conclude  that  some  one  of  these  light  theories  was  true.  But 
so  far  this  has  not  been  shown. 

It  is,  I  think,  not  difficult  to  see  that  the  phenomenon  may  arise  from  a  simple  strain, 
and  that  an  angular  velocity  is  not  necessitated.  The  rotation  of  a  plane  wave  is  reversed 
on  reflection  backwards  through  a  suitably  chosen  medium,  but  the  rotation  of  other  forms 
of  periodic  motion  may  be  doubled.  Take  a  couple  of  wires  of  equal  length,  and  string 
beads  on  them.  Twist  one  into  a  right-handed  spiral  and  the  other  into  a  left-handed 
spiral.  Take  any  medium  such  that  on  stress  it  becomes  a  mass  of  right-  or  left-handed 
spirals,  for  exampV  a  lot  of  strands  of  wire  rope,  straightened  and  packed  loosely  side 
by  side.  In  this  condition,  if  equal  forces  be  applied  to  right-  and  left-handed  spirals, 
one  will  pass  through  the  medium  as  fast  as  the  other.  Compress  the  bundle  of  strands, 
however.  It  will  then  turn  to  a  mass  of  loosely  packed  right-handed  spirals.  Through 
this  the  right-handed  spiral  will  now  penetrate  much  faster  than  the  left-handed.  If,  after 
passing  through  the  medium,  the  wires  strike  a  plate,  and  being  bent  back,  are  forced  to 
reenter  the  medium  and  traverse  it  in  the  reverse  direction,  the  right-handed  spiral  wiP 
still  travel  the  faster,  and  its  total  galh  will  be  twice  that  given  by  traversing  the  medium 
in  the  original  direction. 

So  that  the  assumption  that  when  we  have  a  magnetic  field  we  have  an  angular  velocity 
about  the  axis  of  magnetic  force  really  implies  a  theory  of  matter,  and  taken  by  itself,  in 
the  absence  of  any  knowledge  as  to  whether  light  can  be  rotated  in  a  vacuum,  is  incapable 
of  proving  anything  in  regard  to  the  nature  of  the  magnetic  field. 

I  have  pointed  out  elsewhere  >  that  **  It  might  be  supposed  that  the  electro- magnetic  ro- 
tation of  light  would  give  us  a  fourth  equation.  *  *  *  Since  the  atoms  carrying  charges  are 
vibrating  in  every  direction,  we  have  really  an  infinite  number  of  electric  currents,  and  it  is 
obvious  that  when  such  a  system  is  placed  in  a  magnetic  field  the  velocity  will  be  greatest 
in  a  direction  parallel  to  the  current  in  the  nearest  part  of  the  magnetizing  coil,  as  if  the 
motion  be  otherwise,  work  will  be  done  in  forcing  the  atoms  to  move  in  that  direction. 
In  either  case  we  get  only  an  equation  between  the  electric  and  magnetic  quantities  which 
is  implicitly  contained  in  the  first  three  equations." 

This  change  in  velocity  when  the  ions  are  placed  in  a  magnetic  field  has  since  been 
shown  by  Lorentz  to  be  the  cause  of  the  Fi^vez  or  Zeeman  effect.  It  was,  however, 
found  that  this  ionic  movement  did  not  give  results  of  the  same  order  as  those  necessary 
for  the  explanation  of  magnetic  rotation  and  the  following  theory  (communicated  to  Pro- 
fessor Fitzgerald,  December,  1898)  was  taken  as  being  the  most  probable  one. 

In  the  electromagnetic  wave  the  energy  exists  in  two  forms — electric  and  magnetic. 
Consider  the  electric  displacement  by  itself.  It  produces,  by  itself,  a  magnetic  force 
which  is  a  maximum  at  the  instant  when  the  displacement  is  zero.     So  long  as  the  energy 

» Electrical  World,  May  18,  1895. 
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is  being  transmitted  without  loss,  the  electric  displacement  and  the  electric  force  prodac- 
ing  it  are  a  maximum  at  the  same  instant.  But  suppose  that  there  is  absorption,  then 
the  voltage  and  displacement  current  will  no  longer  be  90  degrees  apart,  but  the  angle  will 
be  less.  The  voltage  may  now  be  considered  as  split  up  into  two  components,  one  in 
phase  with  the  displacement  and  one  at  90  degrees  from  it,  in  point  of  time.  Hence 
while,  when  there  was  no  loss  of  energy,  the  plane  of  the  electric  displacement  was  merely 
rocked  to  and  fro,  there  will  now  be  a  to  and  fro  rocking  due  to  the  one  component,  together 
with  a  continuous  twist  due  to  the  other  component  similarly  with  the  magnetic  com- 
ponent. In  other  words,  whenever  we  have  absorption,  the  light  wave  is  rotatable  when 
placed  in  a  magnetic  field.  Some  evidence  in  projf  of  this  has  already  been  obtained, 
and  will  be  published  later.  Here  it  will  be  sufficient  to  point  out  that  those  substances 
which  absorb  most  strongly,  such  as  selenium,  or  copper  oxide,  give  the  greatest  rotation, 
and  that  the  rotation  appears,  in  those  cases  so  far  examined,  to  be  greatest  at  that  point 
in  the  spectrum  where  the  absorption  is  greatest. 

Thermo-Electricity. 
A  number  of  experiments  were  made  to  see  if  there  was  any  evidence  that  thermo-elec- 
tricity depended  upon  the  energy  of  combination  of  the  materials  of  the  circuit,  analogous 
to  the  discovery  of  Exner  that  the  voltage  of  cells  could  be  calculated  from  the  heats  of 
combination  of  their  elements.  It  was  found,  after  examining  the  records  of  a  number 
of  thermopiles,  that  in  every  case  the  total  amount  of  energy  which  had  been  obtained 
from  them  was  of  the  same  order  as  that  which  would  have  been  furnished  by  the  heat 
of  combination  of  the  materials  forming  the  couples.  Two  holes  were  then  bored  in 
a  slab  of  antimony,  and  the  two  ends  of  a  copper  rod  of  ^  inch  diameter  were  driven  in 
them.  The  whole  was  then  fixed  to  a  steam  pipe  in  constant  use  so  that  one  end  was  in 
contact  with  the  pipe  and  the  other  in  the  free  air.  After  a  year  the  combination  was 
examined.  It  was  found  that  at  one  junction  there  was  a  considerable  quantity  of  violet 
colored  alloy  of  copper  and  antimony,  whilst  at  the  other  there  were  only  traces.  As, 
however,  one  of  the  contacts  had  gone  bad,  at  some  time  unknown,  it  was  impossible  to 
make  a  quantitative  estimation,  and  the  experiment  will  be  repeated  at  a  favorable  oppor- 
lunity.  It  is  possible  thai  thermo-electric  effects  are  intimately  connected  with  the  phe- 
nomenon of  molecular  diffusion  in  solids,  discovered  by  Roberts- Austen,  and  so  strikingly 
illustrated  by  bis  admirable  experiments. 

Configuration  of  Atom. 
Since  every  atom  is  charged  and  the  charge  has  the  quality  MjT,  f.  e.,  current  of 
inertia,  we  thus  far  Ihe  Brst  time  have  a  definite  proof  of  the  vortex  nature  of  the  atom. 
A  considerable  number  of  other  points  were  investigated,  more  or  less  fully,  but  will 
be  discussed  elsewhere. 

Appendix  C. 
Nomenclature,  Symbols  and  Units. 

Mental,  as  well  as  mechanical  processes,  are  vastly  facilitated  by  the  presentation  of 
ihe  material  to  be  worked  up  in  a  form  adapted  to  the  machinery  which  is  to  be  employed 
upon  IL  When  we  have  i&tated  our  data  in  terms  of  suitable  units,  we  have  accomplished 
a  sort  of  prt:^^ratory  rough  planing  and  surfacing  of  our  facts,  and  as  a  result  we  may 
ilien  proceed  to  make  our  deductions  with  much  greater  ease  and  with  greater  certainty. 

Ir>  sofiic  reB^^cts  our  present  systems  of  units  are  very  imperfect.  Aside  from  the  fact 
I'lat  Ibe  duodcciinixl  svilem  would  have  been  much  preferable  to  the  decimal,  a  great  op- 
portunity was  lost  when  the  meter  was  taken  as  a  decimal  part  of  the  earth's  circumfer- 
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«nce  instead  of  being  made  equal  to  twice  the  distance  passed  over  in  the  first  second, 
by  a  body  falling  from  rest,  at  sea  level,  at  Paris,  and  in  vacuo.  This  would  have 
made  the  unit  force  the  weight  of  unit  mass,  instead  of  ^^y  of  the  weight  of  unit  mass. 
We  do  not  care  whether  a  block  of  metal  of  one  kilogramme  mass  has  its  side  such  and 
such  a  fraction  of  the  earth's  circumference  or  not,  but  it  would  be  very  convenient  to 
know  that  200  units  of  energy  would  give  it  a  velocity  of  20  units  of  length  per  second, 
and  that  unit  work  would  be  done  in  raising  it  through  unit  distance.  True,  the  relation 
would  not  have  held  exactly  over  the  whole  earth,  but  neither  is  the  cubic  centimeter  of 
water  exactly  equal  in  mass  to  the  gramme  (it  being  about  two-tenths  of  one  per  cent, 
less  than  a  gramme  at  ordinary  temperatures),  and  the  practical  advantages  of  this  latter 
approximate  relation  have  not,  to  my  knowledge,  been  disputed. 

If  the  unit  length  had  been  taken  as  981  of  our  present  centimeters,  the  weight  of 
unit  mass  would  have  been  equal  to  the  unit  force  to  within  two-tenths  of  one  per  cent, 
(f.  e,y  to  within  the  same  degree  of  accuracy  with  which  a  cubic  centimeter  of  water  at 
ordinary  temperatures  represents  a  gramme  of  mass),  over  practically  all  those  portions  of 
the  earth  where  the  mechanic  arts  have  attained  their  highest  development.  At  the  equa- 
tor this  practical  unit  of  work  would  be  slightly  deficient  in  size,  a  circumstance  which 
some  slight  acquaintance  with  the  inhabitants  of  tropical  countries  leads  me  to  believe 
would  not  be  highly  resented  by  them. 

In  our  electric  and  magnetic  systems  especially,  the  state  of  affairs  is  very  deplorable. 
In  addition  to  the  two  necessary  systems  of  units,  t .  e. ,  the  electrostatic  and  the  electro- 
magnetic, we  have  a  third  one,  which  is  absolutely  unnecessary,  f.  ^.,  the  so-called  prac- 
tical system. 

To  express  the  relations  between  the  units  of  this  system  and  of  the  electromagnetic 
system  a  large  number  of  constants  of  various  sizes  are  employed.  This  creates  great 
consequent  confusion  and  anno3rance. 

Again,  as  Heavyside  has  pointed  out,  the  definition  of  unit  quantity  of  electricity  and 
unit  quantity  of  magnetism  by  the  equations 

-^-=  Force,         ^  =  Force, 
instead  of  by  the  equations 

,^  =  Force, ttt  =  Force, 

has  the  effect  of  introducing  the  very  objectionable  constant  47  into  many  of  our  most  fre- 
quenUy  used  and  most  important  formulae. 

Another  point,  which  is  equally  important,  is  that  the  use  of  the  pr^ent  defining  equa- 
tions, given  above,  necessitates  the  employment  of  units  of  electric  and  magnetic  flux  in 
addition  to  the  units  of  quantity  of  electricity  and  quantity  of  magnetism,  the  units  of  flux 
being  of  the  same  nature  as  the  units  of  quantity,  but  being  only  %t:  times  the  size  of  the 
former.  This  again  gives  rise  to  two  distinct  sets  of  coefficients,  differing  from  each  other 
in  the  same  way. 

On  examination  it  will  be  found  that  the  number  of  totally  unnecessary  electric  and 
magnetic  quantities  thus  introduced  is  not  less  than  46  in  number,  and,  moreover,  we 
must  have  the  same  number  of  additional  unnecessary  symbols. 

To  take  an  example.  If  we  wish  to  know  what  electrostatic  flux  corresponds  to  3 
coulombs,  we  must 

1.  Divide  by  10  to  reduce  to  absolute  electromagnetic  units. 

2.  Multiply  by  3.  io>*  to  reduce  to  electrostatic  units. 
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3.  DiTide  by  4fr  to  reduce  to  units  of  flux,  the  result  being, 

3  coulombs  =  23873  +10*  electrostatic  lines. 

It  seems  ^  that  there  is  a  very  strong  feeling  amongst  the  electricians  and  electrical  en- 
gineers of  this  and  other  countries  in  favor  of  a  return  to  absolute  units  and  the  abandon- 
ment of  the  practical  system.  Although  some  of  the  practical  units  have  been  legalized 
there  is  nothing  to  prevent  our  giving  names  to  the  absolute  units  and  using  them  ex- 
clusively for  practical  work. 

There  remains,  however,  the  47r  difficulty.  Heavyside  has  proposed  to  get  rid  of  this 
constant,  or  rather,  to  transfer  the  "  eruption  of  47rs'*  to  a  place  where  it  will  do  no 
harm,  by  making  the  unit  of  current  iji/^T,  and  the  unit  of  voltage  V^4t  times  as  large 
as  the  present  units. 

But  whilst  this  would  undoubtedly  have  been  the  best  way,  if  it  could  have  been  done 
in  1873,  it  is  now  not  practicable.  It  necessitates  changing  the  ampere,  coulomb,  volt, 
ohm,  farad  and  henry.  Most  of  these  have  been  legalized,  and  a  very  large  sum  has 
been  locked  up  in  standards.  Were  any  attempt  made  to  change  the  present  legal  units, 
the  government  would  probably,  and  justly,  point  out  that  it  b  only  a  few  years  since  the 
present  units  were  recommended  for  adoption,  and  request  its  petitioners  to  excuse  the 
taking  of  any  further  action  until  some  evidence  was  furnished  that  the  proposed  altera- 
tions were  likely  to  meet  with  a  permanent  approval. 

I  have  found,  however,  that  by  a  great  piece  of  good  fortune  there  exists  a  way  in 
which  the  47r  can  be  got  rid  of  without  disturbing  any  of  the  legal  units.  It  consists  in 
shifting  the  4ir  from  the  unit  of  quantity  into  the  coefficient  /i. 

From  the  equation 

curl  (^i')  =  Work/ r 

we  see  that,  there  being  but  one  curl,  we  have  but  one  ^n.  If  we  keep  our  units  of  mass, 
length  and  time  unchanged,  we  can  get  rid  of  the  47r  in  three  ways :  I.  By  dividing  up 
the  ^K  between  Q  and  P,  i.  e.^  making  each  l/|/47r  times  as  large  as  before.  This  was 
suggested  by  Heavyside.  2.  By  putting  the  47r  over  on  the  other  side,  1.  e.,  making  the 
unit  of  work  47r  times  as  large  as  before.  This  is  impracticable.  3.  By  making  one  of 
the  two  quantities,  Q  or  P,  ij^n  times  as  large  as  before. 

The  third  method  is  the  practical  one.  We  cannot  change  the  coulomb,  but  we  can 
take  the  unit  quantity  of  magnetism  as  equal  to  the  present  line,  and  the  unit  of  diflference 
of  magnetic  potential  as  equal  to  the  current  turn,  without  creating  any  appreciable  dis- 
turbance with  the  existing  order  of  things.  Neither  of  these  quantities  has  been  defined 
by  law,  and  as  a  matter  of  fact  the  ampere  turn  is  already  used  by  designers  as  a  practical 
unit  of  gilbertance. 

We  now  have  ^Ql^  ^  ^  voltance 

dPjdT  =  gilbertance 

and  have,  therefore,  now  no  use  for  the  **flux*'  as  distinct  from  the  "quantity."  We 
have,  therefore,  no  use  for  the  quantities,  specific  inductive  capacity  and  permeability, 
I.  ^.,  for  the  ratios 

electric  flux  density  -j-  volts  per  cm. 
magnetic  flux  density  -7-  gilberts  per  cm. 
whereas  we  still  have  use  for  the  ratios 

quantity  of  electricity  per  sq.  cm.  -x-  volts  per  cm. 
quantity  of  magnetism  per  sq.  cm.  -h  gilberts  per  cm. 

1  See  in  this  connection  the  following  articles :  E^torial,  Electrical  World,  June^9, 
1899.  Blondel,  Electrical  World,  July  29,  1899,  and  the  writer.  Electromagnetic  De- 
sign.    Franklin  Inst.,  April,  1899. 
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No  names  have  been  given  to  these  quantities,  though  the  ratio 

intrinsic  quantity  of  magnetism  per  sq.  cm.  -r-  gilbert 
has  been  termed  the  **  susceptibility." 

We  might  use  the  present  terms,  specific  inductive  capacity  and 
these  latter  ratios.     But  it  is  always  objectionable  to  give  an  old  ni 
and  I  therefore  suggest  that  the  ratios 

Q  per  sq.  cm.  -f-  F,  and  P  per  sq.  cm.  -j-  h 

be  termed  the  **capity"  and  "permity"  respectively.     The  simila 
indicate  their  relationship  to  the  quantities  specific  inductive  capac 
and  we  may  retain  the  Sjrmbols  k  and  /<  for  the  quantities  capity  an* 
tioned  above,  we  have  introduced  the  47r  into  the  constant  u.     The 
is  then  ^n,  whereas  the  permeability  for  vacuo  (or  air.     It  should 
given  for  vacuo  and  not  for  air)  is  now  unity.     The  value  of  the  elect 
the  same  as  before,  only,  as  we  are  now  dealing  with  a  different  thir 
quantity  -f-  voltivity  instead  of  flux  -h  voltivity,  we  now  speak  of  the 
as  being  j^ir  where  before  we  spoke  of  the  specific  inductive  capac 
unity. 

It  will  be  .seen  that  we  have  put  the  47r  where  it  will  do  no  harm, 
have  now  fi  =r  1846  where  before  we  had  /<  =  147  is  a  matter  of  no  < 
one  uses  published  tables  of  permeability  for  designing,  for  no  two  sam 
the  same  value  and  as  each  sample  comes  into  the  factory  it  must  have 
termined  just  as  if  no  other  sample  of  iron  had  ever  existed.  As  a  matt 
our  data  with  respect  to  slightly  magnetic  substances  has  been  publishe 
tables  of  susceptibility  and  not  of  permeability. 

The  same  remarks  apply  to  capacity.     No  one  would  think  of  using  I 
ties  for  making  cables  or  condensers.  Very  little  is  known  of  thr  true  capaci 
as  this  constant  is  affected  to  a  very  great  extent  by  traces  of  moisture, 
been  able  to  reduce  Hopkinson's  figures  for  oils  very  materially  by  using 
carefully  dried.     As  another  example,  the  capacity  of  india  rubber  is  giv< 
2.80,  and  bySalford  and  Halman  as  3.7  whilst  cable  manufacturers,  wh 
treatment  to  eliminate  water,  will  furnish  it  as  low  as  2.     No  one  would  t 
of  using  published  tables  for  any  practical  or  theoretical  work  of  importance 
cables  or  condensers  a  sample  is  always  made  up  first  and  the  capacity  a 
that. 

I  give  below  a  table  showing  the  relation  between  the  present  and  suggea 
formulae. 

Present  Units,  Suggested  Units, 

Coulomb  No  change. 

Ampere  *• 

Volt 

Ohm  ** 

Farad  •• 

Erg.  Joule,  Watt  ** 

SDCcific  Ind   Caoacitv  i     ^^  change,  but  we  have  now  no  use  for  tl 

*  ^^  •       P     V*  "^  specific  inductive  capacity,  using  capity  instet 

Pcrmeabilitv  /      (^"'^*  ^™^^  ^  ^^^^'      ^"^  having  now  i 

^*  \  this  quantity  we  use  the  permity,  which  is  4^- 

Qoantitj  of  Magnetism.  J^tt  times  as  large  as  before,  f.  ^.,  equals  pn 

Difference  of  Magnetic  Potent.         4?r  times  as  large  as  before. 
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Present  Equation^.  Suggested  Equations, 

QQ'       PP^  QQf  ^        ^^^^ 

_  ifP     ^  dQ  .      dP     ^      dQ 

D^          B^       _,                                      D^       B^      ^ 
~s —  =  5 —  =  Energy  per  c.c.  =  —  =  Energy  per  cc. 

]  gave  also  a  complete  table  of  the  quantities,  symbols  and  units  which  would  be  neces- 
sary under  the  new  system.  It  will  be  noted  that  46  quantities,  whose  existence  is 
n  )W  necessitated,  owing  to  the  present  distinction  between  quantity  and  flux,  have  been 
dropped,  as  not  required  with  the  new  S3rstem. 

No  importance  is  attached  to  the  names  suggested.  They  can,  in  most  cases,  be  im- 
proved upon.  Stress  is  however  laid  upon  the  symbols  proposed,  which  it  is  thought  will 
not  readily  be  bettered.  For  vector  quantities  in  the  electric,  magnetic  and  electromag- 
netic systems,  block  or  script  letters  may  be  used,  and  ordinary  type  for  scalers.  Where, 
as  in  selotropic  substances,  the  capity,  permity  or  conductivity  has  direction,  cursives 
may  be  used.  For  the  mechanical  quantities,  gravity  and  heat,  italics  are  used.  Vector 
quantities  here  may  be  either  block  or  script.     For  radiation,  German  t)rpe  is  used. 

The  terminations  have  the  following  meanings. 

'  a,  Absolute. 

ma,  Absolute  electromagnetic. 

sta.  Absolute  electrostatic. 

/,  amount  per  cm. 

r,  amount  per  sq.  cm. 

r,  amount  per  cubic  cm. 

/,  amount  per  second. 

rt,  amount  per  sec.  per  sec. 

St,  amount  per  sec.  per  sec.  per  sec. 

j  ITie  syllable  at  denotes  exUmsic  quantity. 

The  syllable  id,  denotes  intrinsic  quatity. 

It  will  be  noted  that  all  the  regular  uncials  are  free  for  use  for  other  purposes,  as  also 
1  the  letters  d,  6,  A  and  X,  Y,  Z, 

The  idea  of  using  terminations  in  this  manner  is  of  course  not  new.  Quite  recently, 
since  the  above  was  written,  the  matter  has  been  brought  forward  again  in  a  very  interest- 
ing paper  by  M.  Hospitaller. 

The  changes  suggested  can  be  made  without  interfering  with  any  of  the  legal  units, 
without  rendering  useless  any  tables  used  in  practical  work,  and  will  merely  render  it 
necessary  to  alter  the  values  of  the  electric  constants  of  the  few  substances  whose  capac- 
ities we  know  accurately.  In  fact,  even  this  is  not  necessary,  for  since  we  have  made  no 
change  in  the  unit  of  capacity,  but  have  merely  introduced  a  new  quantity,  the  capity 
as  being  more  convenient,  those  who  choose  may  still  employ  the  present  term,  specific 
inductive  capacity,  and  use  the  present  values. 

It  may  be  mentioned  that  if,  at  some  future  time,  we  shall  revise  our  units,  taking  the 
mass  of  a  cubic  cm.  of  the  ether  as  the  unit  of  mass,  and  twice  the  distance  passed  over 
in  the  first  second  by  a  body  falling,  from  rest,  in  vacuo,  at  Paris,  at  sea  level,  as  our  new 
meter,  we  may  use  a  system  of  symbols  and  names  naturally  provided  for  us. 
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For,  it  will  be  noted  that  all  physical  quantities  have  their  qualities  in  the  form 

T^  L' 

where  x,  y  and  %  may  have  the  value  I,  2  or  3,  and  v  the  value  o  or  I.  Consequently 
all  physical  quantities  can  be  symbolized  by  using  the  one  single  letter  H  with  different 
lengths  of  arms. 

Thus,  /  represents  electric  current  per  sq.  cm. 
h  represents  energy  per  cubic  cm. 

H  represents  stress  per  unit  area. 

For  writing,  we  may  use  /  for  I,  (for  2,  and)  for  3. 

Different  fonts  of  type  can  be  used  to  distinguish  between  electric,  magnetic  and  other 
quantities.     At  present  this  suggestion  would  hardly  meet  with  approval  from  the  printers 

Similarly,  if  we  take  m  for  M,  t  for  7;  rt  for  r«,  st  for  T*,  a  for  Z,  e  for  Z«,  i  cry 
for  Z',  u  for  two  Z's  in  the  same  direction  and  o  ox  n  for  zero  for  each  possible  physical 
quantity  we  get  a  corresponding  word. 

Thus,  Elmore  would  represent  electric  current. 
Mury  would  represent  energy  per  c.  c. 
Marte  would  represent  stress  per  unit  area. 

The  matter  is,  however,  for  the  present  at  least,  one  of  curiosity  rather  than  of  practical 
importance. 

Addenda. 
The  coefficient  17,  referred  to  several  times,  is  the  coefficient  in  Steinmetz's  formula 
Hysteresis  loss  per  c.  c.  per  cycle  =  7  B^'^. 

Having  these  relations  between  H^  B^  ft,  7  and  the  elasticity,  we  are  in  a  position  to- 
develop  the  quantita  tive  mathematical  side  much  further.  For  example,  we  may  sub- 
stitute in  a  number  of  terms  in  the  Lagrangian  function  treatment  of  J.  J«  Thomson  ( Dy- 
nam.  App.  to  Phys.  and  Chem. ),  and  obtain  a  much  more  complete  idea  of  the  relation 
between  elastic  strain  and  magnetization. 

The  qualitative  formula  for  temperature,  given  above,  t.  e.,  energy  per  atom,  is  for 
monatomic  molecules.     It  is  better  given  as  energy  per  molecule. 

The  statement  that  fi  varies  with  //  whilst  k  does  not  vary  with  E  is  not  to  be  under- 
stood as  meaning  that  change  of  /'makes  no  change  of  ic,  but  that  it  is  not  of  the  nature 
required  to  make  k  a  compliancy.  It  will,  however,  be  seen  that  k  should  vary  inversely 
as  F»,  for  AfjL*  =  7^/Z«  X  ^^1  ^.   This  phenomenon  has  as  yet  not  been  discovered. 
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THERMODYNAMIC    NOTES    (NO.     lo) :    REVISION    OF 
SOME  THERMAL  DATA  CONCERNING  BENZENE.* 

K.    TSURUTA. 

PROFESSORS.  YOUNG* has  given  full  measurements  on  vapor 
pressure  (/)  and  specific  volumes  (r^  liquid  and  v^  vapor)  of 

The  values  of  — ^were  found  from 
di 


benzene  in  its  saturated  states. 


Blot's  formula  used  by  him,  and  the  heat  of  vaporization  (r  or  r^) 
was  calculated,  the  results  being  given  in  the  following  table,  in 
which   for  reference,  some  of  the  original  data  are  reproduced.* 

Heat  of  Vaporization  r  (According  to  Professor  S.  Young). 


90 
100 
110 
120 
130 


1.2278 
1.2436 
1.2615 
1.2806 
1.3000 
1.3214 


140    1.3440 ! 


150   ,  1.3680  i 


160 
170 


1.3918  I 
1.4198 


298.0 
225.0 
169.0 
129.0 
100.0 
79.4 
f  62.7 
I  63.60 
f  S0.5 
I  50.90 
42.10 
34.30 


m.m. 

753.62 
1016.1 
1344.3 
1748.2 
2238.1 
2824.9 

3520.0 

4334.8 

5281.9 
6374.1 


Cat. 

95.34 

94.45 

91.60 

89.02 

86.41 

84.78 

(82.06 

\  83.25 

(  80.17 

1 80.82 

80.31 

78.13 


180*» 

190 

200 

210 

220 

230 

240 

250 

260 
270 


1.4480 
1.4798 
1.5139 
1.5546 
1.5986 
1.6487 

1.7091 

1.7827 

1.8770 
2.0063 


"irM 

> 

m.m. 

27.90 

7625.2 

22.70 

9049.4 

18.65 

10663.0 

15.23 

12482.0 

12.47 

14526.0 

10.15 

16815.0 

8.21 

19369.0 

6.55 

22214.0 

5.14 

25376.0 

3.88 

28885.0 

Col. 

74.72 
71.89 
69.01 
65.75 
62.23 
58.44 

54.13 

49.36 

43.79 
36.90 


We  reproduce  again  the  direct  measurements  of  r  by  Griffiths 
and  Marshall  :^ 

1  It  may  be  remarked  that  this  revision  was  prepared  some  years  ago  for  some  cryo- 
scopic  experimental  investigations  with  benzene  which  I  had  intended  to  carry  on. 

«S.  Young, /<wr.  of  Chem,  Society,  Vol.  LV.,  (1899)  and  Vol.  LIX.  (1891). 

*The  unit  quantity  of  heat  here  adopted  is  about  4. 189  X  'o*  c^g*  (A.  GriflStbs, 
PkiL  Mag,,  Vol.  XL.  (1858),  p.  453). 

♦A.  Griffiths  and  Marshall,  PhiL  Mag.,  Vol.  XLI.  (1896). 
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Heat  of  Vaporization  r  (According  to  Griffiths  and 
Marshall). 


/ 
(Nitrogen  Scale). 

Cal.         (Nitrogen  Scale). 

r 
Cal. 

19<'.947C. 
30  .066 

103.82         40°.045C. 
102.30*0.076       50  .014 

100.71*0.057 
99.14*0.034 

The  authors  give  the  following  linear  formula  as  showing  a  very 
close  approximation  to  the  experimental  values  : 

r=  107.05  —  0.1581  X  /. 

When  we  plot  these  values  (indicated  by  "  experi."  in  the  follow- 
ing table),  it  will  be  found  that  between  180°  C.  and  270°  C.  the 
representative  points  are  regularly  arranged,  but  quite  irregularly 
between  80°  C.  and  180°  C,  showing,  perhaps,  that  with  Professor 
Young's  sealed  tube  method  "  the  results  are  more  reliable  at  high 
than  at  low  temperature."  (Professor  Young).  Connecting  them, 
however,  by  a  mean  curve  I  obtained  the  numbers  (indicating  by 
"  curve  ")  in  the  following  table  : 

Heat  of  Vaporization  r  (According  to  Writer's  Mean  Curve). 


/ 

r 
(Curve.)  1 

Cal.   1 

100 

105.24  1 

20 

103.75  1 

30 

102.26 

40 

100.76  ' 

50 

99.24 

60 

97.65 

70 

96.04  1 

80 

94.40  1 

90 

92.76  ' 

(Bxperi.) 
CaT 

103.82 
102.30 
100.71 


100*> 
110 
120 
130 


(Curve.) 


99.14    r  140 


ll  150 


95.34 
94.45 


160 
170 
180 


Cal. 
91.05 
89.20 
87.36 
85.43 

'    83.48 

I 

i     81.35 

79.20 
76.90 
74.53 


(Expert.) 


Cal. 

91.60 

89.02 

86.41 

84.78 

(82.06 

(83.25 

[80.17 

(80.82 

80.31 

78.13 

74.72 


190*> 
200 
210 
220 

230 

240 

250 
260 
270 


(Curve.) 


Cal. 
71.93 
69.01 
65.80 
62.32 

58.49 

54.21 

49.40 
43.76     I 
36.97     I 


(Export.) 


Cal. 

71.89 
69.01 
65.75 
62.23 

58.44 

54.13 

49.36 
43.79 
36.90 


It  will  be  seen  from  this  table  that  my  mean  curve  can  be  used 

for  the  purpose  of  interpolation  and  hence  for  some  other  purposes. 

From  these  values  of  r  we  can  calculate  backwards  the  ratio  of 

—  and  then  «/.  taking  as  correct  Professor  Young's  experimental 
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values  of  z/..  I  did  this  and  found  that  the  "  mean  values  '*  of  den- 
sities of  the  liquid  and  vapor  obey  in  quite  a  satisfactory  manner 
the  empirical  "  law  of  straight  diameter  "  (Cailletet  and  Mathias), 
not  only  from  80°  C.  to  the  critical  temperature  as  remarked  by 
Professor  Young  himself,  but  also  from  80®  C.  down  to  the  triple 
point.  A  more  minute  examination  showed,  however,  the  so-called 
diameter,  in  the  case  of  my  mean  curve,  to  consist  of  two  nearly 
straight  parts  meeting  somewhere  near  the  temperature  180°  C,  or 
more  strictly,  to  be  a  curve  whose  curvature  is  so  slight  that  it  can 
be  so  described.  This  may  indicate  that  my  mean  curve  is  not  a  good 
mean  curve.  But  since  we  should  ascribe  much  importance  to  the 
experimental  values  of  Griffiths  and  Marshall,  and  surely  to  those 
that  have  been  deduced  from  Professor  Young's  measurements 
between  180°  C.  and  270°  C,  I  think  that  we  must  rather  regard 
the  empirical  *'  law  of  straight  diameter  "  as  holding  good  in  first 
approximation,  but  not  in  so  reliable  a  degree  as  to  draw  from  it 
any  thermodynamic  conclusions  concerning  benzene. 


Another  important  source  of  information  is  the  formula  given  by 
Regnault  for  the  total  heat  {X)  : 

^=  109.0  +  0.24429  X  /—  0.00013 1 5  X  /*. 

To  make  it  comparable  with  the  above  results  of  calculation,  and 
then  to  make  some  applications  of  it,  it  must  first  of  all  be  subject  to 
some  thermometric  and  calorimetric  reductions.  Then  by  interpo- 
lations it  would  become  possible  to  calculate,  if  we  make  use  of  the 
above  result,  the  specific  heat  of  saturated  vapor,  and  to  obtain  per- 
haps quite  a  satisfactory  formula  for  the  specific  heat  of  liquid  ben- 
zene at  higher  temperatures  ;  or  to  calculate,  if  we  take  the  formula 
in  conjunction  with  some  reliable  measurements  on  the  specific  heat 
of  liquid  benzene,  the  heat  of  vaporization  at  various  temperatures, 
and  then  see  how  far  do  the  results  coincide  with  the  calculations 
of  this  kind  given  by  Wiillner.'  As,  however,  I  do  not  possess 
Regnault's  original  memoirs,  I  was  unable  to  examine  these  points. 

» A.  WUllncr,  Experimental  Physik,  Bd.  III.  (410  Auf.),  5,  726. 
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Let  us  now  turn  to  the  vapor  pressures  of  benzene  below  its  triple 
point  (+  5*^.3  C.). 

The  measurements  of  these  by  Fischer/  Ramsay  and  Young,* 
and  Ferche*  were  plotted  on  section  paper  and  mean  curves  drawn 
to  pass  well  through  the  representative  points.  This  was  done 
twice  quite  independently,  and  when  the  results  obtained  were  com- 
pared, it  was  found  that  for  liquid  benzene  they  differed  very  little 
in  the  cases  of  Fischer's  and  Ferche's  measurements,  generally  by 
0.01-0.03  mm.  of  mercury ;  but  with  Professor  Ramsay  and 
Young's  they  differed  sometimes  by  1.5  mm.,  perhaps  owing  to  a 
comparatively  small  number  of  points  available  for  drawing  the  mean 
curve  between  the  triple  point  and  —  i  °  C. 


Vapor  Pressure  of  Liquid  Benzene. 


t 

Fiacber. 

R.&Y. 

Ferche. 

-    1 

Mean 
Curve. 

1      t 

1 

Fiacber. 

R.  ftY. 

Fercbe. 

Mean 

Curve. 

-    01 

m.m. 

24.87 

m.m. 

25.04 

m.m. 

25.03  1 

m.m. 

24.98 

1 

1  +2<'.5 

m.m. 

30.28 

m.m. 

30.25 

m.m. 

30.37 

M.M. 

30.30 

-0  .6 

25.60 

25.73 

25.68  ' 

25.67 

3 

31.11 

31.11 

31.23 

31.55 

0 

26.34 

26.42 

26.41 

26.39 

1    3 

31.99 

32.00 

32.10 

32.03 

+0.5 

27.10 

27.14 

27.16 

27.13 

3  .5 

32.87 

32.94 

33.01 

32.94 

1 

27.88 

27.88 

27.91  ' 

27.89 

'    4 

33.78 

33.89 

33.94 

33.87 

1  .5 

28.66 

28.65 

28.69  1 

28.67 

4  .5 

34.70 

34.88 

34.87 

34.82 

2 

29.46 

29.43 

29.52 

29.47 

1    5 

Proceeding  in  a  similar  way  with  solid  benzene,  I  obtained  the 
following  values  from  the  different  authors'  sets  of  measurements. 
Things  are  less  favorable  in  the  present  case  than  in  the  preceding, 
in  fact,  not  only  did  my  own  mean  curves,  several  of  which  I  drew 
for  one  set,  differ  much  among  themselves  in  the  cases  of  Professor. 
Ramsey  and  Young's  and  Fischer's  measurements,  but  also  the  dif- 
ferent sets  compared  with  one  another  showed  greater  discrepancies 
than  in  the  preceding  case.  It  will  be  seen  that  my  mean  curve 
runs  on  the  whole  quite  close  to  Ferche's,  that  of  Fischer  lying 
nearly  as  much  above  the  latter  as  Professor  Ramsey  and  Young's 
lies  below  it. 

»W.  Fischer,  WUde.  Ann.,  Bd.  28  (1886). 

«W.  Ramsay  and  S.  Young,  Phil,  Mag.,  Vol.  23  (1887). 

»  J.  Ferche,  Wiedg.  Ann.,  Bd.  44  (1891). 
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Vapor  Pressure  of  Solid  Benzine. 


[Vol.  X. 


/ 

Fiacber. 

R.&Y. 

Fercbe. 

Mean 

Curve. 

M.M. 

m.m. 

m.m. 

m.m. 

-i!c. 

23.21 

21.97 

11.S1 

22.S7 

-0.5 

24.03 

22.94 

23.40 

23.46 

0 

24.88 

23.90 

24.30 

24.36 

+0.S 

25.72 

24.89 

25.23 

25.28 

1 

26.58 

25.88 

26.18 

26.21 

1.5 

27.46 

26.89 

27.13 

27.16 

2 

28.36 

27.91 

28.12 

28.13 

' 

Fiacber. 

R.&Y. 

Fercbe. 

Meui 

Curve. 

'  +2!5C 

m.m. 

m.m. 

m.m. 

m,m. 

29.30 

28.97 

29.14 

29.14 

,    3 

30.25 

30.05 

30.19 

30.16 

,    3.5 

31.25 

31.16 

31.27 

31.23 

4 

32.28 

32.32 

32.36 

32.32 

4.5 

33.35 

33.52 

33.50 

33.46 

1    5 
! 

34.50 

34.75 

34.68 

34.64 

Following  the  line  of  reasoning  used  by  Guldberg  ^  we  can  ob- 
tain a  thermodynamic  relation  between  p.  and  p^.  By  the  funda- 
mental principles  of  reversible  thermodynamics  considered  as 
applicable  to  a  substance  in  any  of  the  two  coexisting  phases  of  it, 
we  have  the  well  known  formulae :  in  the  case  of  liquid  and  vapor 


phases. 


and 


^^  = 


^(-. --.•>#' 


m 


^,=  7:^-^  +  ^; 


in  the  case  of  vapor  and  solid  phases, 


and 


r?) 


^-^^''^r +"•• 


where  k^i  (k^)  and  f,  (<:,)  develop  respectively  the  specific  heats  along 
vapor-  and  liquid-  (solid-)  lines.  Assuming  the  vapor  over  the 
liquid  and  solid  states  to  be  the  same,  we  may  put 


so  that 

By  integration  we  obtain 


df\ 


^.-^.+  ^Z7'l-'V*)=" 


/ 


c,  —  c. 


T„-  —  r. 


±^dT^  -'^-jr-f^  +  k  (const). 
1  Guldberg,  C.  R.  (1870). 
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Assuming  c^  —  c^  as  constant  we  obtain 


r„.  —  r^. 


T      F        I 
which  gives         (c,  -  r,)  log  -^  =  ^  -  ^  r^.  -  r^), 

where  -/^o(=^  'V*  ~  %<  ^^^^^b'  ^i^  ^^  triple  point)  denotes  the  heat  of 
fusion  at  that  temperature.  When  we  neglect  v^  as  well  as  r\  in 
comparison  with  v^  and  make  the  further  assumption  that  Boyle- 
Gay- Lussac's  law  together  with  Avogadro's  "  hypothesis "  holds 
good  for  the  vapor  of  benzene  between  the  triple  point  and  near 
o°C.,  we  obtain 

1.971    ^    d   I        p\       F^  M       ^0 

Hence,  by  integration  and  some  transformation, 

which  becomes,  when  we  make  some  neglections, 

A  78       r.F, 


log 


A       «.97i  ■     T* 


exactly  as  given  by  Guldberg. 

In  the  last  but  one  formula  I  have  put 

7;  =  278.3. 

/;  =  30.00, 

"'  =  °i^5°'  1  (Ferche.)' 
c^  =  0.2032  j    ^  ^ 

and  obtained  the  numbers  given  in  the  first  three  columns  of  the 
following  table : 

>  Here  we  may  put  Ci  and  r«  equal  to  the  specific  heats  at  constant  pressure  of  liquid 
and  solid  benzene.  M.  Fischer  puts  the  speciBc  heat  of  solid  benzene  equal  to  0.319, 
while  M.  Ponsot  (C.  R. ,  1894)  adopts  the  value  0.017  ^^  ^^^  difference  of  the  two  specific 
heats  without  giving  any  reason  for  it.  Though  of  no  serious  effect  in  the  present  case, 
jet  nich  a  difference  considered  in  itself  requires  an  exi>erimental  examination. 
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Vapor  Pressures  of  Solid  and  Liquid  Benzene. 


/ 

A 

I 

>.  (Fiacher.) 
minus. 

/-(R.&Y.) 
1      minua. 

/.(Calc.) 
m.m. 

-0.72 

>•  (Ferche) 
minua. 

/.(Mean.) 
minua. 

Calculated. 
22.69 

Calculated. 

/•(Calc.) 
m.m. 

+0.52 

/.  (Calc). 
m.m. 

-0.17 

/•(Calc) 

-10    C. 

1.1011 

m.m. 

-0.12 

-0  .5 

23.49 

1.0927 

'       +0.54 

-0.55 

-0.09 

-0.03 

0 

24.34 

1.0844 

+0.53 

-0.44 

-0.04 

+0.02 

+0  .5 

25.21 

1.0761 

-^0.51 

-0.32 

+0.02 

^0.07 

1 

26.11 

1.0680 

+0.47 

-0.23 

+0.07 

+0.10 

1  .5 

27.05 

1.0599 

+  0.41 

-0.16 

+0.08 

+0.11 

2 

28.01 

1.0518 

+0.35 

-0.10 

4  0.11 

^0.12 

2  .5 

29.03 

1.0438 

+0.27 

-0.06 

+0.11 

+0.11 

3 

30.07 

1.0359 

+0.18 

-0.02 

4  0.12 

+0.09 

3  .5 

31.16 

1.0280 

+  0.09 

0 

1     +0.11 

+0.07 

4 

32.29 

1.0201 

-0.01 

+  0.03 

+0.07 

1      +0.03 

4  .5 

33.46 

1.0123 

-0.01 

1     +0.06 

+0.04 

0 

5 

34.66 

1.0046 

-0.16 

1     +0.09 

+0.02 

-0.02 

_ 

— 

—  — 







—  -  -  — 

The  numbers  in  the  last  four  colums  may  be  taken  as  indicating 
teat  the  several  assumptions  we  have  made  in  deducing  the  formula 
employed  as  well  as  the  several  experimental  data  we  have  used  in 
calculating  the  vapor  pressures,  are  both  of  them  not  very  wrong. 
Hence  the  formula  with  the  data  may  be  used  as  one  of  first  ap- 
proximation.^ 
Tokyo,  Japan. 

>  By  the  way,  let  mc  here  add  the  following.  I  obtained  the  following  values  of  the 
constants  of  Biot's  fonn  of  interpolation  formula ;  choosing  the  mean  values  of  pressure 
at  —  o«.5,  +  2®,  and  -f  4^.5  C.  for  liquid  benzene : 

log/<  =  a-|-^a*, 

a  =7.  8749340, 
log  ^  =  O.  8770540, 
log  a  =  o.  0013878. 


Similarly  for  solid  benzenes  : 


\ogp.  =  a'  +  b'p* 

«'=3.  153721, 
log/i^  =  o.  2512469, 

log  /?  =  17  9921452- 
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AN  EFFICIENT  BOYLE'S-LAW  APPARATUS. 
W.  J.  Humphreys. 


NOTHING  is  more  discouraging  to  teacher  or  student  than  a 
piece  of  apparatus  incapable  of  giving  consistent  and  ap- 
proximately accurate  results.  For  this  reason  the  ordinary  U 
shaped  tube,  used  for  demonstrating  the  truth  of  Boyle's  law,  is  one 
of  the  least  satisfactory  things  the  junior  laboratory  student  has  to 
work  with.  No  matter  how  careful  his  measure- 
ments,  irregularities  in  the  bore  of  the  tube,  even 
where  all  other  sources  of  appreciable  error  are 
avoided,  will  lead  to  irregular  and  unsatisfactory 
determinations. 

The  importance  of  apparatus  capable  of  yielding 
good  results,  however  elementary  the  experiments, 
is  my  excuse  for  offering  the  following  description 
of  a  Boyle's  law  device  which  I  have  recently  had 
constructed,  and  which,  according  to  tests,  readily 
gives  values  that  do  not  differ  from  the  correct  ones 
by  more  than  one  part  in  a  thousand. 

Referring  to  the  figure  :  Fis  a  tube  about  twelve 
centimeters  long  and  one  centimeter  in  diameter 
having  a  two-way  stop-cock  at  eachend.  Z>  is  a 
long  tube  of  about  the  same  diameter  as  V  to  avoid 
any  appreciable  difference  in  capillary  action.  D 
may  be  sealed  to  V  or  connected  to  it  in  any  way 
desired — the  figure  shows  the  method  I  have 
adopted.  In  the  event  of  any  leakage  the  short 
rubber  tube  R  may  be  made  tight  either  by  wrap- 
ping or  by  putting  it  on  the  glass  tubes  with  shellac  varnish, 
ever  I  have  not  found  either  of  these  precautions  necessary. 

The  stop-cocks,  of  course,  must  be  air  tight.     An  excellent  lubri- 


,vi 


Fig.  1. 


How- 
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cant  for  them  is  paraffine,  with  just  enough  vaseline  added  to  keep 
it  from  being  brittle. 

The  operation  is  as  follows  :  Close  stop-cock  B  and  fill  D  to 
any  desired  height  with  mercury,  then  open  B  and  allow  a  small 
amount  of  mercury  to  run  into  V,  then  turn  B  till  V  and  T  are  in 
communication.  This  lets  the  mercury  out  of  Fbut  leaves  the 
tube  through  B  that  connects  V  and  D  entirely  filled.  Now  close 
A  and  the  volume  of  air  in  V  is  perfectly  definite  and  at  atmos- 
pheric pressure.  Next  turn  B  till  Fand  D  are  again  in  communi- 
cation. The  mercury  will  now  rise  slowly  in  V  and  be  free  from 
all  air  bubbles.  When  the  mercury  has  come  to  rest  close  B  and 
read  the  difference  in  mercury  levels  in  D  and  V,  either  with  a 
cathetometer  or  with  a  meter  bar  placed  between  D  and  V,  Now 
open  A  and  B  and  run  the  mercury  out  T  and  weigh  it.  Obtain 
similar  results  for  as  many  different  heights  as  desired. 

Lastly  leave  Fopen  to  -£  say  and  run  mercury  up  Fand  into  A, 
close  B^  open  V  to   C,  then  run  the  mercury  out  T  and  weigh. 
This  gives  the  weight  of  the  mercury  necessary  to  fill  F  absolutely. 
Let  fF=  weight  of  mercury  required  to  fill  Vy 
**    w  rs      **        **         "       run  in  when  A  is  closed, 
*'    p  ss  difference  in  heights  of  mercury  in  D  and  V, 
**    B  =  height  of  barometer  at  time  of  experiment, 
**     F=  volume  of  tube  F, 
"     z;  =      «        "  compressed  gas  in  F. 

^,  IV        V      B+p 

Then  jj^ =  -  =  — ^, 

W^w       V         B 

and  B^^^ ^^ 

w 

Of  course  B  may  be  obtained  directly  from  a  barometer,  or  it  can 
be  determined  to  within  a  fraction  of  a  millimeter  by  the  method  just 
shown,  its  value  substituted  in  the  equations,  and  Boyle's  law  tested. 

This  is  one  method,  and  occasion  to  use  it  might  arise,  of  obtain- 
ing a  fairly  satisfactory  barometric  reading  without  the  use  of  a 
standard  barometer.  I  have  described  the  apparatus  as  used  for 
pressures  above  one  atmosphere.     It  can  be  used,  however,  with 
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equal  ease  and  accuracy  for  pressures  less  than  atmospheric,  but  the 
operations  are  so  obvious  and  simple  that  a  description  of  them 
would  be  superfluous,  except  possibly  the  statement  that  it  is  neces- 
sary to  determine  the  weight  of  the  mercury  required  to  fill  the 
tube  in  B  that  connects  V  with  T. 

If  the  student  has  time  he  may  simply  assume  that,  at  constant 
temperature,  the  volume  of  a  gas  is  some  fixed  function  of  the  pres- 
sure. His  values  will  show  him  what  this  function  is,  determine  the 
height  of  the  barometer,  and  in  every  way  give  him  a  most  satisfac- 
tory demonstration  of  the  truth  of  Boyle's  law. 

It  may  be  not  out  of  place  to  say  that  in  filling  D  it  is  advisable 
to  introduce  the  mercury  through  a  small  funnel  or  thistle  tube, 
with  its  stem  drawn  out  to  a  fine  opening.  This  prevents  fouling 
the  walls  of  the  tube,  the  dirt  being  collected  on  the  sides  of  the 
funnel 

Rouss  Physical  Laboratory,  Univkrsity  of  Virginia,  Dec.  7,  1899. 
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NEW   BOOKS. 

Strahlung  und  Temperatur  der  Sonne,     By  Dr.  J.  Scheiner.     Pp. 
i-v,  1-99.     W.  Engelmann,  Leipzig,  1899. 

This  monograph  on  solar  temperatures  shows  the  importance  which  is 
now  attached  to  Stefan's  law,  particularly  in  Germany.  Some  time  has 
elapsed  since  Stefan  noticed  that  the  observations  of  Dulong  and  Petit, 
de  la  Provostage  and  Desains,  Draper,  Ericsson  and  others  could  be  satis- 
factorily interpreted  by  assuming  the  quantity  of  heat  radiated  by  a  body 
to  be  proportional  to  the  fourth  power  of  its  absolute  temperature.  Boltz- 
mann  thereafter  deduced  the  same  law  from  the  electromagnetic  theory 
of  light  by  aid  of  the  second  law  of  thermodynamics.  Boltzmann  him- 
self insisted  on  the  provisional  character  of  his  proof;  but  the  law  has 
recently  received  independent  experimental  confirmation  at  the  hands  of 
Lummer  and  Pringsheim  (1560®  C.)  and  others,  operating  with  abso- 
lutely black  bodies,  /.  e,y  with  hollow  equally  heated  radiators  emitting 
heat  from  within.     For  such  bodies  only  the  law  appears  to  be  valid. 

Dr.  Scheiner,  therefore,  assumes  the  truth  of  Stefan's  law  to  this  extent, 
and  defines  the  sun's  effective  temperature,  as  the  temperature  which  it 
would  have  if  it  radiated  like  a  black  body.  From  the  known  value  of 
the  solar  constant,  s  (heat  received  per  sq.  cm.,  per  sec.)  and  the  known 
heat  emission,  hy  of  a  black  body  for  a  definite  temperature  interval 
(100®,  Kurlbaum  and  others),  it  is  thus  possible  to  arrive  at  trustworthy 
values  for  the  temperature  of  the  sun  /.  If  ^  be  the  apparent  solar 
diameter,  Stefan's  law  leads  approximately  to 


and  Scheiner  in  this  way  finds  /=  7010®.  Treating  all  earlier  observa- 
tions by  the  same  method  he  computes  the  following  list  of  independent 
values : 

Pouillet,  /=  5600*^  Langley,  /=  6000° 

Secchi,  5400°  Wilson  &  Gray,         6200® 

Violle,  6200°  etc. 

Soret,  5500° 

In  view  of  the  enormous  discrepancies  in  the  values  deduced  for  the 
sun's  temperature  by  these  observers  themselves  (data  between  1500**  and 
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10,000,000°),  the  author  concludes  that  the  consistent  values  of  the 
present  method  must  commend  the  problem  to  the  serious  consideration 
of  astronomers.  The  reviewer  fails  to  see  however,  why  similar  data 
similarly  interpreted,  do  not  necessarily  lead  to  comparable  results. 

Corrected  for  solar  absorption,  Scheiner's  values  for  the  effective  tem- 
perature of  the  sun's  photosphere  is  7760°  C. 

Among  many  indirect  methods  for  estimating  the  sun's  temperature, 
the  one  based  on  the  position  (^)  of  the  energy  maximum  in  the  solar 
spectrum  deserves  mention  here.  Langley's  observations  (maximum  at 
X  =si  o6fx)  interpreted  by  Wien  put  the  sun's  effective  temperature  at 
4630°,  in  reasonable  agreement  with  the  above  data. 

The  monograph  contains  a  full  digest  of  correlative  data  in  solar  physics. 
The  absorption  of  the  earth's  atmosphere  is  treated  in  detail.  A  com- 
plete account  is  given  of  solar  radiation,  considered  both  photometrically 
and  thermally,  including  a  summary  of  the  laws  of  radiation  hitherto  pro- 
posed. Much  space  is  devoted  to  the  distribution  of  light  over  the  sun's 
disc,  to  the  absorption  of  the  solar  atmosphere,  to  secular  and  periodic 
changes  of  the  sun's  temperature,  to  the  electrodynamic  radiation  of  the 
sun,  etc.  Any  student  interested  in  the  profound  cosmical  problems 
treated  will  profit  by  the  varied  information  given  in  this  useful  little 
book. 

Carl  Barus. 

GesMchte  der  Physikalischcn  Expcrimentierkunst.  By  E.  Gerland  und 
F.  TraumCller.  Pp.  442.  (14  M.;  bound,  17  M.).  W.  Engel- 
mann,  Leipzig,  1899. 

The  general  history  of  physics  embraces  not  only  physical  theories, 
but  also  the  discovery  of  physical  facts  upon  which  the  theories  rest  and 
the  art  of  experimentation,  by  which  the  facts  were  ascertained.  The 
above  book  limits  itself  to  the  last  of  these  functions.  The  authors  trace 
the  history  of  the  art  of  experimentation  from  early  times  down  to  the 
beginning  of  the  present  century.  The  425  figures  show  some  ingenious 
devices  which  are  not  usually  explained  in  historical  works.  Here  we 
find  illustrated  the  ancient  Egyptian  process  of  glass-blowing,  the  Archi- 
median  endless  screw,  several  of  Hero's  curious  devices,  the  famous 
"  tower  of  the  winds"  in  Athens,  which  testifies  to  an  early  interest  in 
meteorology,  the  Roman  steelyards,  the  hydrometer  of  Synesius,  Al 
KMzinl's  "balance  of  wisdom,"  Gilbert's  **  instrumentum  declina- 
tionis,"  Galileo's  pendulum  clock,  Guericke's  quaint  illustrations  of  ex- 
periments on  atmospheric  pressure,  Agricola's  and  Papin's  mine  ventila- 
tors, and  many  kinds  of  apparatus  devised  during  more  recent  times. 
The  work  of  the  nineteenth  century  remains  untouched,  except  the  re- 
searches on  electricity  and  magnetism  during  the  first  forty  years. 
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The  experiments  of  the  Accademia  del  Cimento  of  Florence  are  de- 
scribed with  greater  fullness  than  we  have  seen  in  other  histories.  Ex- 
tremely interesting  are  the  series  of  experiments  on  the  compressibility 
of  water,  culminating  in  the  well-known  test  with  the  hollow  spheres  of 
silver  which  were  filled  with  water,  closed  tight,  and  then  disfigured  by 
hammering  until  the  water  forced  its  way  through  the  pores  (or  cracks  ?) 
of  the  metal.  That  the  Academicians  did  not  feel  justified  by  their  ex- 
periments to  draw  the  conclusion  that  water  is  incompressible,  speaks 
highly  for  the  caution  which  they  exercised  in  their  researches.  Their 
report  on  the  subject  ends  as  follows :  **  It  is  certain  that,  as  compared 
with  air,  water  withstands  an  infinitely  greater  pressure  (if  we  may  so 
express  ourselves),  which  confirms  what  we  said  at  the  beginning. 
While  experimental  research  does  not  always  lead  us  to  the  most  remote 
truths  which  we  seek,  it  gives  us,  nevertheless,  in  each  favorable  or  un- 
favorable case,  some  light,  be  it  ever  so  little.'* 

The  struggle  for  supremacy  between  alcohol  and  mercury  as  thermo- 
metric  substances  is  told  in  an  attractive  manner,  but  the  authors  fail  to 
record  the  interesting  fact  brought  to  light  by  M.  Maze  {CompUs  Ren- 
duSf  Vol.  1 20,  1895,  p.  732),  that  in  1559  more  than  half  a  century  be- 
fore Fahrenheit,  a  mercury  thermometer  was  constructed  by  the  astrono- 
mer Boullian. 

The  learned  German  authors  point  to  Seebeck  as  one  who  approached 
closely  to  the  discovery  of  Ohm's  law  three  years  before  Ohm  made  his 
experiments  in  1826,  but  they  have  overlooked  the  fact  established  by 
Maxwell  (^Electrical  Researches  of  the  Hon,  Henry  Cavendish ^  1879,  p. 
LIX.),  that  Cavendish  as  early  as  1781  completed  a  series  of  experi- 
ments which  amount  to  an  anticipation  of  Ohm's  Law. 

The  authors  describe  the  electrical  researches  of  Faraday,  but  do  not 
mention  Joseph  Henry,  who,  while  a  teacher  at  the  Albany  Academy, 
made  the  discovery  of  magneto-electricity  about  the  same  time  as  Fara- 
day, and  who  antedated  Faraday  in  the  discovery  of  self-induction. 
The  authors  also  speak  of  Morse  without  mentioning  Henry,  although  it 
is  quite  firmly  established  that  Morse's  assistant.  Dr.  Gale,  applied  the 
principle  discovered  by  Henry  to  render  Morse's  machine  effective  at  a 
distance.      {Smithsonian  Report  1857,  pp.  99-106.) 

But  these  are  minor  blemishes.  The  work  as  a  whole  is  accurate  and 
up-to-date  in  the  information  which  it  imparts.  It  contains  much  ma- 
terial otherwise  difficult  of  access. 

Florian  Cajori. 
Colorado  College,  Colorado  Springs. 
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ON   THE  METABOLISM  OF  MATTER  IN  THE   LIVING 

BODY. 

By  Edward  B.  Rosa. 

A  GREAT  many  so-called  metabolism  experiments  have  been 
made  upon  the  human  body  and  upon  animals  in  which  a  bal- 
ance of  nitrogen  or  of  nitrogen  and  carbon  was  obtained.  That  is,  the 
quantity  of  nitrogen  or  of  nitrogen  and  carbon  in  the  food  was 
determined  by  analyzing  samples  of  the  food,  and  the  quantity  of 
these  elements  in  the  excreta  and  the  products  of  respiration  was 
also  determined.  If  the  nitrogen  taken  into  the  body  during  the 
course  of  an  experiment  exceeds  that  given  off  from  the  body  in  the 
same  period,  then  there  is  a  net  gain  of  nitrogen,  and  this  is  taken 
to  indicate  an  increase  in  the  total  amount  of  protein  of  the  body. 
Conversely,  if  the  outgo  of  nitrogen  exceeds  the  receipts  there  is  a 
net  loss,  and  this  indicates  a  loss  of  protein.  As  protein  contains 
16  per  cent,  of  nitrogen,  the  quantity  of  protein  gained  or  lost  is 
found  by  multiplying  the  gain  or  loss  of  nitrogen  by  6.25.  But 
protein  also  contains  53  per  cent,  of  carbon.  Hence,  before  striking 
a  balance  of  the  carbon,  we  must  insert  on  one  side  or  the  other  of 
the  account,  the  quantity  of  carbon  in  the  protein  which  has  been 
gained  or  lost.  The  net  gain  or  loss  of  carbon  is  then  taken  as  a 
measure  of  the  amount  of  fat  which  has  been  gained  or  lost  from 
the  body  during  the  ejcperiment.  As  fat  contains  ^6, 5  per  cent,  of 
carbon,  the  quantity  of  fat  gained  or  lost  is  found  by  dividing  the 
gain  or  loss  of  carbon  by  the  factor  .765. 
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These  experiments  in  which  both  a  nitrogen  and  carbon  balance 
are  determined  require  a  determination,  as  has  been  said,  not  only 
of  the  nitrogen  and  carbon  of  the  food  and  excreta,  but  also  of  the 
quantity  of  carbon  dioxid  given  off  from  the  lungs  and  skin  ;  that 
is,  of  the  products  of  respiration.  They  are  hence  called  respiration 
experiments.  Sometimes  the  subject  of  the  experiment  has  worn  a 
mask  in  such  a  manner  as  to  respire  air  drawn  from  a  particular 
source,  the  composition  of  which  is  determined,  while  the  air  ex- 
pelled from  the  lungs  is  carried  away  to  a  reservoir,  and  its  contents 
of  oxygen  and  carbon  dioxid  subsequently  determined.  This  gives 
the  quantity  of  oxygen  absorbed  and  of  carbon  dioxid  exhaled. 
But  such  an  experiment  neglects  the  respiration  of  the  skin,  and  is 
unsatisfactory  on  other  accounts.  The  better  method  is  to  confine 
the  subject  in  a  chamber  and  to  analyze  samples  of  the  air  supplied 
to  the  chamber,  and  also  other  samples  drawn  from  the  current  of 
air  flowing  away  from  the  chamber. 

In  the  experiment  reported  by  Atwater  and  Rosa  in  the  Septem- 
ber and  October  numbers  of  the  Physical  Review,  as  well  as  in 
subsequent  experiments  with  the  same  apparatus,  a  nitrogen  and 
carbon  balance  was  obtained  and  also  a  balance  of  energy.  For  the 
latter,  the  potential  energy  of  the  food  eaten  by  the  subject  was 
determined  by  burning  samples  in  a  calorimeter;  the  potential 
energy  of  the  excreta  was  determined  by  burning  samples  of  the 
dried  residue  in  a  similar  manner  ;  the  heat  given  off  from  the  body 
during  the  experiment  was  also  measured,  the  respiration  chamber 
being  at  the  same  time  a  calorimeter,  hence  called  a  respiration 
calorimeter.  A  balance  of  energy  can  then  be  reached  by  taking 
account  of  the  quantity  of  protein  and  fat  gained  or  lost.  Such  a 
balance  of  energy,  to  within  about  one  or  two  per  cent,  has  been 
obtained  in  a  considerable  number  of  experiments  at  Middletown, 
and  the  work  is  still  being  carried  on. 

A  balance  of  hydrogen  is  more  difficult  to  obtain  than  are  the 
nitrogen  and  carbon  balances.  This  involves,  of  course,  the  deter- 
mination of  the  organic  hydrogen  of  food  and  excreta,  and  also  the 
quantity  of  water  in  the  same  and  the  quantity  of  water  exhaled 
from  the  skin  and  lungs.  The  water  vapor  contained  in  the  current 
of  air  entering  the  calorimetric  chamber,  and  also  that  leaving  through 
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the  outgoing  current  of  air  are  determined  by  absorption  in  sulphuric 
acid  tubes  at  the  same  time  that  the  carbon  dioxid  is  absorbed  by 
soda  lime.  But  water  being  to  some  extent  condensed  upon  the 
walls  of  the  chamber,  and  absorbed  by  the  clothing  of  the  subject 
and  the  furnishings  of  the  chamber,  the  exact  determination  of  the 
water  becomes  a  more  difficult  matter  than  that  of  the  carbon  dioxid, 
and  a  hydrogen  balance  has  been  seldom  attempted. 

It  is  impossible  for  one  who  has  not  been  engaged  in  it  to  ap- 
preciate the  difficulty  and  complexity  of  this  kind  of  experimental 
work,  or  the  enormous  amount  of  labor  and  computation  necessary 
to  obtain  the  final  results  of  a  four  days*  respiration  experiment.  In 
the  Middletown  experiments  analyses  of  samples  of  food  were  made 
in  duplicate,  and  all  determinations  of  carbon  dioxid  and  water  in 
the  air  current  were  in  duplicate.  But  in  spite  of  the  greatest  care 
residual  errors  are  not  inappreciable.  And  in  weighing  the  food  and 
drink,  selecting  samples  for  analysis,  and  in  collecting  and  weighing 
the  water  condensed  inside  the  chamber  and  outside  in  the  freezers, 
errors  of  appreciable  magnitude  are  bound  to  occur.  Hence  when 
one  strikes  a  balance  of  nitrogen  and  carbon  and  computes  the  num- 
ber of  grams  of  protein  and  fat  which  have  been  gained  or  lost,  the 
algebraic  sum  of  a  large  number  of  errors  appears  in  the  result. 
Moreover,  in  an  energy  experiment  this  error  is  carried  over  into 
heat  account  in  a  magnified  degree.  Suppose,  for  example,  that  in 
the  determination  of  the  carbon  of  the  food  there  is  an  error  of  one- 
half  of  one  per  cent. ;  the  quantity  of  carbon  in  the  daily  ration  be- 
ing 261.5  g.,  ^^^  amounts  to  an  error]of  1.3  g.,  or  1.7  g.  of  fat.  The 
heat  value  of  a  gram  of  fat  being  9.4  large  calories,  1.7  g.  is  equiva- 
lent to  16.0  calories,  which  is  0.7  per  cent,  of  the  total  heat  per 
day.  An  error  in  the  nitrogen,  however,  produces  a  comparatively 
small  error  in  the  computed  heat ;  for  if  the  protein  gained  be 
reckoned  too  large,  the  fat  gained  will  be  too  small  in  a  correspond- 
ing degree,  and  the  difference  of  heat  value  produced  is  relatively 
small. 

In  order  to  locate  the  sources  of  error  and  to  reduce  them  in 
magnitude  to  a  minimum,  it  is  desirable  to  make  use  of  every  pos- 
sible check  upon  the  analyses  and  computations.  Such  a  check 
may  be  found  in  the  change  of  weight  of  the  subject  of  the  experi- 
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ment,  provided  the  oxygen  taken  up  from  the  air  by  respiration  can 
be  determined.  Direct  determinations  of  ox>'gen  have  been  made 
in  short  experiments,  by  analyzing  the  air  in  the  chamber  at  the  be- 
ginning and  at  the  end,  and  admitting  to  the  chamber  during  the 
experiment  a  known  quantity  of  oxygen.  But  for  long  experiments 
this  is  impracticable,  as  the  air  of  the  chamber  must  be  frequently  re- 
newed. On  the  other  hand,  it  is  impossible  to  analyze  the  air  by 
sample,  as  is  done  for  CO^  and  HjO,  and  determine  the  percentage 
of  oxygen  in  the  ingoing  and  outcoming  air  currents  with  sufficient 
accuracy.  For  if  50  liters  of  air  be  admitted  to  the  chamber  per 
minute,  the  quantity  of  oxygen  in  24  hours  will  be  about  20,000  g. 
and  an  error  of  one-tenth  of  one  per  cent  in  the  determination  would 
amount  to  20  grams,  which  would  be  an  error  of  three  per  cent, 
in  the  amount  of  oxygen  absorbed  by  the  lungs. 

On  the  other  hand,  an  oxygen  balance  may  be  obtained  in  a 
manner  similar  to  that  followed  for  N,  C  and  H.  If  the  quantity  of 
these  latter  elements  and  the  ash  of  the  food  and  excreta  are  accu- 
rately determined,  then  the  amount  of  oxygen  becomes  known. 
The  oxygen  of  the  water  of  income  and  outgo  is  accurately  known 
when  the  quantity  of  water  is  determined,  and  hence  one  can 
readily  calculate  the  total  amount  of  oxygen  taken  into  the  body 
and  the  total  given  out.  The  diflTerence  will  represent  that  derived 
from  the  atmosphere  by  respiration.  If  it  be  objected  that  this  de- 
termination of  oxygen  by  diflTerence  is  not  sufficiently  exact  it  may 
be  replied,  first,  that  if  the  oxygen  is  not  exact  then  the  other 
elements,  N,  C  and  H,  are  not  exact ;  and,  second,  that  the  dry 
residue  of  food  and  excreta  contains  over  30  per  cent,  of  oxygen, 
a  greater  proportion  than  that  of  any  other  constituent  except  car- 
bon, and  hence  a  determination  by  diflTerence  is  far  more  reliable 
than  where  that  diflTerence  is  a  small  quantity,  as,  for  example,  in 
the  case  of  the  protein  and  fat  gained  or  lost.  But  the  latter  quan- 
tities are  regularly  calculated  by  diflTerence,  with  no  check  upon  the 
results  to  show  them  to  be  correct.  It  is  now  proposed  in  a  similar 
manner  to  calculate  the  hydrogen  and  oxygen  by  diflTerence,  and 
then  to  determine  the  oxygen  taken  up  from  the  air  in  the  manner 
of  Pettenkofer  and  Voit,'  from  the  gain  or  loss  of  weight  of  the 

*  The  accuracy  of  weighing  of  these  distinguished  investigators  was  evidently  not  suf- 
ficient for  the  purpose 
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subject,  and  to  compare  the  two  results  thus  derived  by  two  inde- 
pendent methods.  Or,  having  computed  in  the  manner  already  in- 
dicated the  amount  of  oxygen  absorbed  from  the  atmosphere,  we 
are  to  calculate  the  gain  or  loss  of  weight  of  the  person  or  animal 
which  is  the  subject  of  the  experiment.  And  if  this  weight  is  as- 
certained by  an  accurate  balance  at  the  beginning  and  end  of  the 
experiment,  we  have  a  means  of  checking  by  the  diflTerence  the  ac- 
curacy of  the  experiment.  But  if  the  subject  is  weighed  four  times 
each  day,  that  is  at  the  beginning  of  each  six-hour  period,  and  the 
observed  weight  tallies  each  time  closely  with  the  computed  weight, 
we  have  a  still  better  verification  of  the  work.  The  probability  is 
that  considerable  discrepancies  would  appear  between  the  observed 
and  computed  weights,  which  would  point  out  the  more  important 
sources  of  error,  and  thus  serve  as  a  means  of  increasing  the  ac- 
curacy of  the  work,  besides  sometimes  detecting  accidental  errors 
of  importance  which  would  not  otherwise  be  noticed. 

It  was  such  considerations  as  these  that  led  to  the  purchase  sev- 
eral years  ago  of  an  accurate  scale,  capable  of  weighing  up  to  100 
kilos,  which  was  put  inside  the  calorimeter  and  the  subject  weighed 
himself  several  times  during  each  experiment.  However,  this  check 
was  not  applied,  and  the  weighings,  though  made  and  recorded 
were  never  made  use  of.  Having  now  retired  completely  from  the 
investigation,  I  wish  to  present  here  the  method  which  I  devised 
about  five  years  ago  and  to  work  it  out  for  the  experiment  that  was 
published  in  the  recent  numbers  of  the  Physical  Review.  The 
weighings  were  not  as  accurately  nor  as  frequently  made  as  they 
might  have  been ;  indeed,  for  this  purpose  they  would  better  be 
made  by  the  observers  outside,  and  not  by  the  subject  within.  I 
will  indicate  later  how  this  can  readily  be  done. 

Table  I,  gives  the  balance  of  N,C,H,0  and  ash  for  the  four  days 
taken  together.  Under  each  element  are  two  columns  headed  **  In  *' 
and  "  Out,"  containing  respectively  the  amounts  of  that  element  in 
the  income  of  the  body  from  all  sources  and  the  outgo  of  all  kinds. 
These  columns  should  balance,  after  the  manner  of  the  debit  and 
credit  columns  of  a  ledger  account,  when  one  has  inserted  the 
balancing  item.  In  the  case  of  nitrogen  this  is  the  amount  of  nitro- 
gen acquired  from  the  protein  of  the  tissues  which  was  broken  down 
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over  and  above  what  has  been  formed ;  for  carbon,  the  amount  con- 
tained in  the  fat  stored  away  during  the  experiment ;  for  hydrogen, 
the  amount  derived  from  the  decrease  of  the  water  contained  in  the 
body ;  for  oxygen,  the  amount  derived  from  the  atmosphere ;  and 
for  ash,  the  loss  of  mineral  matter  of  the  body.  These  balancing 
items  are  printed  in  bold  faced  type. 

The  daily  ration  weighed  1,473  S>  ^^  which  921  g.  was  water 
and  552  g.  dry  solids.  Thus  in  four  days  the  water  amounted  to 
3,684  g.  and  the  dry  solids  to  2,208  g.  These  quantities  are  entered 
in  the  table  in  the  column  of  totals.  Taking  the  atomic  weights  of 
hydrogen  and  oxygen  as  i  and  15.88,  water  contains  11.18556  of 
hydrogen  and  88.81556  of  oxygen.  The  water  of  the  food,  there- 
fore, contains  412  g.  of  hydrogen  and  3,272  g.  of  oxygen,  and  these 
items  are  entered  in  the  proper  columns  under  hydrogen  and  oxygen 
respectively.  Analysis  of  samples  showed  that  the  dry  residue 
contained  76.4  g.  of  nitrogen,  1,046.2  g.  of  carbon,  I50.4g.  of 
hydrogen,  and  89.2  g.  of  ash.  The  remainder,  845.8  g.,  is  oxygen. 
All  these  items  are  entered  in  the  table  in  their  appropriate  places. 
The  5,382  g.  of  water  drunk  (more  than  half  of  this  was  in  coflTee), 
in  addition  to  that  contained  in  the  food,  consisted  of  602  g.  of 
hydrogen  and  4,780  g.  of  oxygen.  The  amount  of  water  is  also 
entered  in  the  column  of  water.  The  fourth  item  of  income,  oxy- 
gen received  from  the  air,  is  entered  last  of  all,  being  a  balancing 
item. 

We  get  an  approximate  check  upon  the  oxygen  of  the  food  in 
the  following  manner.     The  dry  residue  contained  : 

Protein, 478.4  g.,  of  which  24.0%  is  oxygen  =  114.8  g. 


Fat, 276.0     ** 

"       11.5^        **       =  31.6 

Carbohydrates,    ....  1364.4     ** 
Ash, 89.2     " 

**      50.0%         "       =682.2 
0. 

Total  — 2208.0  g. 

Total  oxygen— 826.6 

As  these  percentage  compositions  are  not  exact  we  cannot  regard 
this  as  more  than  a  rough  check  upon  the  direct  analyses,  although 
the  true  value  may  perhaps  lie  between  the  two. 

The  next  four  lines  in  the  table  give  the  amounts  of  the  various 
elements  in  the  solid  and  liquid  excreta,  the  total  weights  of  which 
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are  inserted  in  the  column  of  totals,  and  the  quantity  of  each  ele- 
ment in  the  "out"  column  of  that  element.  The  water  and  carbon 
dioxid  of  respiration  in  like  manner  go  into  the  column  of  output, 
the  latter  being  exactly  -^  carbon  and  -^  oxygen ;  that  is,  the 
atomic  weight  of  carbon  is  1 1.91  if  oxygen  is  1 5.88,  or  12  if  oxygen 
be  taken  at  16. 

We  now  come  to  the  balancing  items  : 

First,  the  output  of  nitrogen  is  2.3  g.  more  than  the  income. 
We  therefore  insert  2.3  as  the  balance,  and  this  multiplied  by  6.25 
gives  14.4  g.  as  the  weight  of  protein  lost.  This  is  entered  in  the 
column  of  totals  and  7.6  g.  of  carbon,  i  g.  of  hydrogen  and  3.5  g. 
of  oxygen  also  contained  in  the  protein  are  charged  into  the  debit 
side  of  those  accounts. 

Second,  the  receipts  of  carbon  exceed  the  output  by  55.6  g. 
Hence  we  insert  this  as  the  balancing  item  and  put  72.7  g.  in  the 
column  of  totals  as  the  weight  of  the  fat  in  which  this  carbon  is 
stored  up ;  8.7  g.  of  hydrogen  and  8.4  g.  of  oxygen  are  also  con- 
tained in  this  fat,  and  these  items  are  accordingly  entered  in  their 
proper  places. 

Third,  the  output  of  hydrogen  exceeds  the  receipts  by  37.8  g. 
This  is  explained  by  the  fact  that  the  amount  of  water  in  the  body 
must  have  decreased  during  the  experiment  by  338.1  g.,  for  no 
other  source  of  hydrogen  remains  to  be  considered.  This  is  indeed 
the  only  way  of  ascertaining  the  change  in  the  content  of  water  in 
the  body.  The  accuracy  of  this  determination  of  course  depends 
upon  the  accuracy  of  the  several  items  occurring  in  the  hydrogen 
columns.  There  is  reason  to  believe  they  are  less  accurate  than 
those  of  the  nitrogen  and  carbon  accounts,  but  the  result  of  this 
computation  is  to  give  a  check  which  tests  the  hydrogen  account 
more  than  any  other  in  the  table. 

Fourth,  the  item  of  338.  i  g.  of  water  lost  must  be  entered  in  the 
debit  column  of  the  water  account,  and  3CX).3  g.  in  the  oxygen  ac- 
count. It  represents  the  amount  derived  from  the  body's  capital 
stock  at  the  beginning  of  the  experiment.  To  balance  the  water 
account  we  must  take  note  of  the  fact  that  the  organic  hydrogen  of  the 
food  when  it  is  oxidized  forms  water,  which  must  be  charged  into  the 
debit  side  of  the  water  account ;  or  rather,  the  excess  of  hydrogen 
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contained  in  the  food  (150.4)  and  that  contained  in  the  protein  used 
up  (i.o),  over  that  contained  in  the  feces  (7.3),  urine  (13.4)  and 
that  stored  up  in  the  fat  accumulated  (8.7).  Thus  :  150.4  +  i  — 
(7-3  +  13-4  +  8.7)  =  122.0  g.  of  hydrogen,  which  has  been  oxidized 
and  formed  1090.7  g.  of  water.  Entering  this  item  on  the  debit 
side  of  the  water  account,  the  latter  balances  exactly. 

Fifth,  the  oxygen  account  is  now  complete  except  the  balancing 
item  of  261 1.6  g.,  which  represents  the  quantity  of  oxygen  derived 
from  the  atmosphere.  This  assumes  that  whatever  quantity  of 
oxygen  is  stored  up  as  such  or  as  oxyhaemoglobin  in  the  blood 
and  in  the  tissues  does  not  vary  by  an  appreciable  amount ;  or,  at 
least,  that  it  was  sensibly  the  same  at  7  o'clock  on  the  morning  that 
the  experiment  began  that  it  was  at  7  o'clock  on  the  last  morning. 
This  shows  an  absorption  of  27.2  g.  per  hour  or  .45  g.  per  minute. 

The  balance  of  oxygen  may  be  put  in  another  form  by  omitting 
from  both  sides  of  the  account  the  oxygen  from  the  water  which  is 
received  into  the  body.     It  then  appears  as  follows  : 

BALANCE  OF  OXYGEN  FOR  FOUR  DAYS. 

Receipts.    Output. 

From  the  food  845.8 

From  14.4  g.  protein  of  the  body      3.5 

Excreted  in  feces  (solids) 30.5 

"  urine       *•        68.0 

*•  carbon  dio»id 2385.3 

"  water  from  organic  hydrogen      .    .  968.7 

Stored  away  in  fat        8.4 

Balance  from  atmosphere 2611.6 

3460.9    3460.9 

Sixth,  the  column  of  ash  does  not  balance  as  closely  as  it  ought. 
There  could  not  be  a  loss  of  5.8  g.  of  mineral  matter,  and  hence 
this  difference  must  be  mainly  due  to  error  in  some  one  or  more  of 
the  items  given.  Indeed,  the  record  does  not  show  positively 
whether  all  three  items  were  actually  determined.  A  change  in  any 
of  them  would  alter  the  oxygen  item  by  the  same  amount,  but  this 
would  affect  the  final  result  only  slightly,  and  for  the  present  pur- 
pose it  makes  no  difference. 

We  are  now  in  position  to  calculate  the  loss  of  weight  of  the  per- 
son under  investigation,  during  the  four  days  he  was  confined  in  the 


Digitized  by 


Google 


138  EDWARD  B.    ROSA.  [Vou  X. 

respiration  chamber.  We  must  first  note  the  fact  that  the  feces 
passed  during  these  four  days  weighed  498.4  g.,  being  74.4  g.  more 
than  those  which  belonged  to  that  period,  the  latter  being  distin- 
guished by  the  use  of  charcoal.  ^ 

BALANCE  OF  MATTER. 
Income.  Outgo. 

Orams.  Ormms. 

Food 5892.0  Feces 498.4 

Drink 5382.0  Urine 6702.4 

Oxygen  from  air 2611.6  Water  of  respiration 3765.0 

Balance  ^  Lx)ss  of  weight     .    .    .      360.0  Carbon  dioxid  of  respiration  .    .    .  3279.8 

14245.6  14245.6 


This  loss  of  360  grams  in  weight  is  made  up  as  follows  : 

Loss  of  water  from  body,  see  Table  I.,  ^338.1  g. 

••    *•  feces      ••  **                                 74.4 

*«    "  protein  -  "      ••         '*      «•=    14.4 

•*    ««  ash        •♦  "       **        **     ••          5.8 

432!7 
Gain  of  fat,  •*         «*     "         72.7 

Net  loss  of  weight,  as  above,  360.0 

Now  the  weight  of  the  man  at  the  beginning  was  68,420  g. 
and  at  the  end  was  68,000^  g.,  making  a  loss  of  420  g.,  or  60  g. 
more  than  the  calculated  loss.  This  is  of  course  not  a  very  close 
agreement.  The  discrepancy  may  be  partly  accounted  for  by  the 
fact  the  weighings  of  the  subject  by  himself  were  not  as  exact  as  if 
made  by  some  one  else,  and  were  not  made  at  the  exact  time  of 
beginning  and  end.  The  computed  loss  of  weight  is  of  course  in 
error  by  an  appreciable  amount,  but  for  want  of  more  reliable 
weighings  we  cannot  say  definitely  what  the  error  is. 

Tables  II.  and  III.  give  the  results  of  a  similar  computation  for 
each  day  separately.  The  food  was  the  same  each  day,  although 
there  was  a  slight  variation  of  the  water  of  the  food  and  on  the  first 
day  the  water  of  the  drink  was  about  200  g.  more  than  on  the  sub- 
sequent days.  The  feces,  although  passed  in  only  two  portions, 
were  assumed  to  be  separated  in  equal  quantity  each  day.  There 
was  only  a  slight  variation   from  day  to   day  in  the  evolution  of 

>  The  record  of  this  weight  is  67,290,  but  from  a  previous  weight  it  is  evident  that  this 
is  an  error  and  should  be  68,000. 
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Table  II. 

Balance  of  Nitrogen^  Carbon  and  Hydrogen. — By  Days. 
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Table  III. — Continued. 
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carbon  dioxid,  but  a  greater  difference  in  the  water  of  respiration 
and  a  still  greater  variation  in  the  urine.  The  quantity  of  the  latter 
was  so  great  the  first  two  days  that  the  total  amount  of  water  in  the 
body  decreased  523.8  g.,  but  during  the  last  two  days  it  increased 
i85-7  g-  The  quantity  of  oxygen  derived  from  the  air  varies  but 
little,  and  in  nearly  the  same  degree  as  the  evolution  of  carbon 
dioxid.  The  quantity  of  both  oxygen  and  carbon  dioxid  was 
greater  on  the  first  and  fourth  days  than  on  the  two  intervening 
days.  The  ratio  of  the  carbon  dioxid  exhaled  to  the  oxygen  ab- 
sorbed, called  the  respiratory  quotient,  is  so  important  that  I  have 
put  down  the  value  for  each  day. 

xat  Day.  ad  Day.  3d  Day.         4th  Day.  Total. 

Carbon  dioxid  exhaled,  831.1  813.4  809.3  826.0  3279.9 

Oxygen  absorbed,  664.3  645.9  642.6  658.8  261L6 

Respiratory  quotient,  1.251  ,  1.259  1.259  1.254     Ave.,    1.256 

The  respiratory  quotient  for  the  first  day  is  0.4%  less  than  the 
average,  corresponding  to  2.6  g.  of  oxygen  :  that  of  the  second 
and  third  days  is  0.2^  more,  corresponding  to  1.6  g.  of  oxygen, 
while  that  of  the  fourth  day  differs  still  less,  corresponding  to  only 
I.I  g.  of  oxygen.  We  know  that  the  respiratory  quotient  should 
not  be  exactly  constant  from  day  to  day  in  this  experiment,  because 
the  receipts  and  expenditures  of  oxygen  aside  from  respiration 
varied  slightly.  But  these  variations  were  only  slight,  and  the 
nearly  constant  value  of  the  respiratory  quotient  is  an  evidence  of 
the  correctness  of  the  values  of  the  oxygen  absorbed  from  the  at- 
mosphere, as  calculated  in  the  table. 

Table  IV.  gives  the  balance  of  matter  for  each  day  of  the  exper- 
iment and  the  calculated  gain  or  loss  each  day.  For  the  first  day 
there  is  a  discrepancy  of  145.4  g.  This  indicates  either  a  serious 
error  in  weighing  or  else  a  large  error  in  the  water  account  of  that 
day.  For  the  second  day  the  difference  is  —  42.6  g.,  the  third  day 
practically  nothing,  the  fourth  day  —  42.1  g.,  the  total  for  the  four 
days  being  60  g.  If  the  weighings  had  been  more  accurate  and  at 
exactly  7  o'clock  each  morning,  the  result  would  be  more  con- 
clusive. But  the  present  purpose  is  to  show  how  this  check  may 
be  made  in  future,  rather  than  to  seek  to  confer  any  benefits  upon 
past  experiments. 
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Table  IV. 

Balance  of  Matter. 

xat  Day.              ad  Day.        {       3d  D 
921.0             1  919.0             .  921.0 

ay.              4th  Day. 

r  Food,  Water. 

923.0 

i- 

"       SoUds. 

552.0 

1  552.0 

1  552.0 

552.0 

Drink,  Water. 

1492.8 

1  1289.9 

'1299.5 

1299.8 

1^ 

Oxygen  of  Air. 

664.3 

645.9 

1  642.6 

1  658.8 

'  Feces. 

216.6 

'               28L8 

& 

Urine. 

1855.3 

1977.6 

1510.6,             1358.9 

S  • 

Water  of  Respiration. 

957.9' 

89L7| 

905.9              1009.5 

CO,  of  Respiration. 

831.1 

813.4 

8O9.3I               826.0 

Balance. 

14.2 

492.5! 

189.3                42.6 

By  Scales. 

3644.S- 
Lost 

3644.3 

3899.3-3899.3  3415.1-3415.13476.2-3476.2 

160.0      Lost 

450.0  Gained 

190.0     Lost        0.0 

By  calculation  above. 

<« 

14.6 

« 

492.61     " 

189.3       •'         42.1 

DiflTerence. 

+145.4 

-42.6 

-0.7|              -^42.1 

Difference  for  four  days  60  grams,  lost  more  by  scales  than  by  calculation. 

But  one  can  also  calculate  the  weight  of  the  subject  at  other  times 
of  the  day  and  additional  checks  may  thus  be  instituted  which  might 
be  of  service  in  locating  errors  and  deriving  the  largest  possible 
amount  of  information  from  an  experiment.  Suppose  that  it  is  de- 
sired to  calculate  the  weight  of  the  subject  at  the  beginning  of  each 
6-hour  period,  that  is  at  7  A.  M.,  i  P.  M.,  7  P.  M.  and  i  A.  M.  of 
each  day.  The  COj  and  HgO  of  respiration  are  separately  deter- 
mined for  each  such  period  any  way,  and  it  is  only  a  matter  of 
slight  computation  to  get  all  the  data  for  a  check  upon  the  work 
four  times  each  day,  having  the  weight  of  the  subject  by  an  accu- 
rate scale  at  the  same  times. 

In  computing  the  fat  gained  or  lost  from  the  gain  or  loss  of  car- 
bon, it  is  assumed  that  the  glycogen  and  other  carbohydrates  of 
the  body  at  7  A.  M.  each  day  are  constant  in  quantity,  the  diet  be- 
ing uniform  from  day  to  day.  In  order  that  the  same  assumption 
might  hold  true,  or  approximately  so,  for  the  six-hour  periods  it 
would  be  desirable  to  serve  the  meals  just  after  the  beginning  of  the 
periods.  Then  the  glycogen  content  of  the  liver  and  tissues  would 
be  more  nearly  uniform  than  if  supper  were  served  at  6:30,  as  was 
done  in  these  experiments.     Even  then,  of  course,  it  would  vary. 
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but  the  error  introduced  by  the  probable  variation  would  not  be 
considerable. 


Table  V 

TabU  of 

Gain  and  Loss. 

lat 

Day. 

1          ad 

Day. 

3d 

Day. 

4th 

Day 

Gain. 

1    Loss. 

1    Gain. 

1    Loas. 

Gain. 
"65.6" 

Loaa. 

Gain. 
120.1 

1    L^a. 

Water. 

1    127.8 

1 

'   396.0 

Feces. 
Protein. 

106.0 

1 

1    ^-^ 

1   110.6 
5.7 

106.0 

1       2.5 

175.8 

Fat. 

15.2 

1 

21.7 

21.4 

1 

14.4 

Ash. 

,       1.9 

1 

1.9 

1       1.2 

0.8 

Balance. 

14.2 

J 

492.5 

1 

189.3 

42.6 

135.4 

1   135.4 

1   514.2 

1   514.2 

193.0 

1   193.0 

177.1 

1   177.1 

In  the  accompanying  figures  a  graphic  representation  of  the 
change  of  weight  of  the  person  during  the  96  hours  of  the  experi- 
ment is  given.  The  points  representing  the  weights  at  the  end  of 
every  6  hour  period  are  inclosed  in  small  circles,  and  the  weight 
as  computed  is  given  in  figures.  Between  these  points  the  values 
are  not  exact,  for  it  has  been  assumed  that  the  evolution  of  H,0  and 
COj  and  the  absorption  of  oxygen  were  uniform  during  each  period. 
Of  course  these  quantities  are  greater  during  the  exercise  incident 
to  dressing  and  eating  than  during  subsequent  rest,  but  for  the  pur- 
pose of  illustrating  the  fluctuation  of  weight  during  a  day,  or  during 
four  successive  days,  this  variation  may  be  neglected.  It  would  be 
of  very  great  interest  if  we  had  the  precise  weight  of  the  subject  at 
each  of  these  1 7  six  hour  stations.  Another  source  of  uncertainty 
in  the  calculated  weights  at  the  six  hour  stations  is  that  the  respi- 
ratory quotient,  determined  above  for  each  day  separately,  was  as- 
sumed to  be  constant  for  the  different  periods  of  each  day.  But  in 
experiments  carried  out  with  that  in  view  it  might  be  separately 
computed  for  each  period.  That  might  give  information  of  value 
in  itself  as  showing  to  what  extent  oxygen  may  be  stored  up 
in  the  body. 

The  chart  is  mainly  self-explanatory.  Starting  at  7  o'clock  on 
the  morning  of  the  first  day  with  a  weight  of  68,420  g.  the  subject 
loses  45  g.  in  one   hour  by  respiration.     That  is,  the  loss  of  CO, 
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and   HjO  above  the  gain   of  oxygen  by  respiration   is  45   g.  per 
hour  during  the  first  6  hours.     Breakfast  adds  675  g.  to  his  weight. 


7«,100 


Fig.  1. 


Fig.  2. 

Of  course  the  gain  of  weight  due  to  breakfast  was  not  instantaneous, 
but  it  was  not  deemed  necessary  or  desirable  to  indicate  the  time 
occupied  in  eating  meals  by  a  sloping  line.     During  the  next  2^ 
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hours  until  10:30  a  loss  of  1 10  g.  occurred  by  respiration,  and  then 
a  drink  of  water  increased  the  weight  by  200  g.  A  further  loss  of 
1 10.3  g.  by  respiration  was  followed  by  a  decrease  difc  to  passage 
of  urine,  and  at  one  o'clock  the  weight  should  have  been  68,689  g. 
We  have  no  observed  weight  to  compare  with  it,  but  the  weights  we 
have  at  seven  o'clock  each  morning  are  plotted  in  the  chart  as  stars. 

The  charts  show  very  clearly  the  considerable  fluctuations  of 
weight  throughout  a  period  of  24  hours.  The  minimum  weight  is 
at  eight  o'clock,  just  before  breakfast,  and  the  maximum  just  after 
supper.  The  slope  of  the  lines  showing  the  loss  of  weight  by  re- 
spiration is  nearly  uniform,  as  the  loss  of  weight  is  nearly  as  rapid 
at  night  during  sleep  as  during  the  day.  The  evolution  of  COj  is 
only  slightly  more  than  half  as  much  at  night  as  during  the  day 
(and  in  a  work  experiment  only  about  one-fourth)  but  the  absorption 
of  oxygen  is  also  less  in  (nearly)  the  same  ratio.  On  the  other 
hand,  the  rate  at  which  water  is  given  off  from  the  skin  and  lungs 
is  nearly  as  great  at  night  as  in  the  day  in  a  rest  experiment  (al- 
though far  less  at  night  than  during  the  day  when  at  work).  Hence 
while  there  was  a  loss  of  265  g.  by  respiration  in  6  hours,  from  7 
a.  m.  to  1  p,  m.  on  the  first  day,  there  was  a  loss  of  254  g.  from 
I  a.  m.  to  7  a.  m.  during  sleep. 

While  the  check  that  is  thus  afforded  by  knowing  the  weight  of 
the  subject  at  intervals  during  the  experiment  would  not  detect 
small  errors  in  the  determination  of  nitrogen  and  carbon,  it  would 
detect  appreciable  errors  in  the  determination  of  the  water,  and  this 
is  the  quantity  most  in  need  of  such  a  check.  Considering  the 
great  labor  and  cost  of  complete  respiration  experiments  it  appears 
of  the  greatest  importance  to  use  every  possible  means  to  reduce 
errors  to  a  minimum  and  to  derive  the  maximum  amount  of  infor- 
mation from  each  experiment. 

In  order  to  weigh  the  subject  with  the  greatest  possible  accuracy, 
he  should  be  seated  quietly  on  the  platform  of  the  balance,  and  the 
weighing  done  from  without.  This  may  be  accomplished  by  using 
a  rider,  controlling  it  by  a  rod  from  outside,  in  a  manner  similar  to 
that  in  a  chemical  balance.  The  subject  would  set  the  heavy  weight 
at  such  a  point  that  the  beam  nearly  balanced.  The  exact  balance 
would  then  be  secured  by  the  rider.     The  beam  should  be  visible 
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from  without  through  the  window,  so  that  readings  of  the  weight 
and  rider  could  be  made  by  the  observer  outside.  The  subject 
ought,  however,  to  note  and  report  the  reading,  when  the  weighing 
is  finished,  as  a  check  upon  the  record  of  the  observer.  The  posi- 
tion of  exact  balance  could  be  obtained  by  use  of  a  reading  tele- 
scope, set  in  the  walls  of  the  chamber  and  a  graduated  scale 
attached  to  the  beam  would  swing  to  and  fro  in  the  field.  By  observ- 
ing the  range,  very  close  settings  could  be  made,  and  with  a  good 
Fairbanks  balance  readings  could  be  made  at  least  to  a  single  gram. 

In  order  that  these  close  readings  be  as  reliable  as  possible,  several 
successive  weighings  should  be  made.  The  subject  is  constantly 
growing  lighter  by  the  losses  due  to  respiration.  Hence  the  rider 
could  be  set  a  little  to  one  side  of  a  balance,  and  the  time  noted 
when  exact  balance  was  secured.  A  second  setting  would  give  a 
balance,  say  about  a  minute  later.  Let  five  such  weights  be  made, 
extending  before  and  after  the  time  at  which  the  weight  is  desired, 
and  from  the  mean  the  true  weight  could  be  obtained  to  within  a 
gram  at  least,  not  counting  any  constant  error  due  to  inaccuracy  of 
the  balance,  which  would  be  of  no  moment  in  taking  the  difference. 

The  subject  should  have  a  light  suit  of  clothes,  without  pockets, 
and  be  weighed  with  his  clothes  on.  Any  moisture  contained  in 
his  clothing  would  then  be  reckoned  as  part  of  himself.  In  a  rest 
experiment  this  would  be  small,  and  the  disturbance  due  to  the 
exercise  of  dressing  and  undressing  would  be  avoided. 

Mechanical  Work. 

The  bicycle-dynamo  combination,  which  we  employed  to  develop 
and  measure  mechanical  energy  at  the  expense  of  the  potential 
energy  of  food  and  tissue  was  not  the  ideal  form  of  ergometer.  It 
was  easily  arranged  and  served  our  purpose  for  the  time  being. 
But  it  required  calibration  and  the  energy  expended  in  friction  was 
somewhat  variable  ;  moreover,  it  is  probably  not  a  machine  in  which 
the  maximum  efficiency  of  conversion  could  be  effected.  A  better 
arrangement  would  be  a  simple  treadmill.  That  is,  a  movable  in- 
clined plane  consisting  of  slats  attached  to  two  endless  chains,  the 
latter  running  over  sprocket  pulleys.  A  fly  wheel  to  steady  the 
motion  might  consist  of  a  heavy  copper  disc  revolving  between  the 
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poles  of  permanent  magnets,  thus  serving  also  as  a  brake.  By 
varying  the  position  of  the  magnets  the  braking  effect  and,  therefore, 
also  the  rapidity  of  motion  could  be  varied,  and  by  varying  the  in- 
clination of  the  plane  greater  or  less  force  would  be  exerted.  The 
three  quantities  required  in  order  to  calculate  the  work  done  in  any 
given  time  would  be  (i)  the  angle  of  elevation  of  the  plane,  (2)  the 
whole  number  of  revolutions  of  the  flywheel  or  sprocket  pulley  and 
the  distance  traveled  by  the  plane  for  each  such  revolution,  and  (3) 
the  weight  of  the  person  operating  the  mill.  The  first  is  easily  de- 
termined by  reading  a  graduated  sector,  the  base  being  level  ;  the 
second  would  be  recorded  by  a  simple  counter ;  the  third  should 
be  frequently  determined  for  purposes  of  a  check  upon  the  observa- 
tions and  analyses,  and  hence  would  not  involve  any  additional 
labor.  This  form  of  ergometer  would  enable  a  large  or  small 
amount  of  work  to  be  done,  would  give  a  high  efficiency  of  conver- 
sion, would  require  no  calibration,  would  involve  no  error  due  to 
varying  friction,  would  require  no  record  of  varying  speed  to  be 
made,  and  could  be  constructed  at  a  reasonable  cost.  With  it  a 
large  variety  of  experiments  could  be  made. 

The  conversion  of  the  energy  of  food  and  tissue  into  mechanical 
energy  is  a  profound  mystery.  We  cannot  understand  how  a  con- 
tracting muscle  transfers  the  energy  liberated  by  the  oxidation  of 
matter  into  an  outside  portion  of  matter.  Perhaps  the  heat  produced 
by  the  oxidation  is  transformed  by  some  process  equivalent  to  that 
of  a  heat  engine.  If  the  second  law  of  thermodynamics  does 
govern  the  process,  it  may  be  that  the  requisite  difference  of  temper- 
ature occurs  only  in  spaces  of  the  order  of  magnitude  of  molecules, 
and  hence  cannot  be  measured  experimentally.  Or  it  may  be  that 
the  oxidation  is  accompanied  by  an  evolution  of  less  heat  when 
work  is  done,  as  is  the  case  when  zinc  is  consumed  in  a  battery  fur- 
nishing a  current  of  electricity.  In  other  words,  that  it  is  in  some 
way  electrical,  and  hence  that  no  such  difference  of  temperature 
exists  as  would  be  required  in  a  heat  engine  or  its  equivalent  Some 
such  theory  has  been  put  forward,  although  it  is  far  from  explaining 
the  process.  It  is  possible  that  further  experiments  such  as  can  be 
carried  on  with  the  respiration  calorimeter  will  give  such  additional 
information  as  at  least  to  assist  in  formulating  a  more  satisfactory 
theory  of  the  process. 
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But  there  is  another  case  of  interest  which  demands  experimental 
examination.  That  is  the  converse  case  where  work  is  done  upon 
a  man,  for  example,  by  an  outside  agent.  If  a  laborer  spends  a  day 
in  hoisting  brick  to  the  top  of  a  building  by  means  of  a  windlass, 
the  heat  which  his  body  gives  out  plus  the  work  done  upon  the 
brick  will  equal  the  net  potential  energy  of  food  and  body  tissue 
used  up  in  the  same  time.  Now  suppose  that  next  day  he  lowers 
the  same  brick  to  the  ground  again.  The  work  done  is  negative  in 
the  mechanical  sense,  although  the  force  exerted .  in  handling  the 
windlass  is  nearly  as  great  as  in  hauling  them  up.  Will  the  heat 
evolved  minus  the  loss  of  potential  energy  of  the  brick  equal  the 
potential  energy  of  food  and  body  tissue  used  up  ?  And  will  the 
heat  yielded  by  the  body  be  more  or  less  than  on  the  preceding 
day? 

Or,  again,  suppose  the  windlass  is  driven  by  an  engine  while  the 
laborer  grasping  the  handle  holds  back  with  all  his  might.  The  en- 
gine does  a  large  amount  of  work  upon  the  man.  What  is  the 
form  that  this  energy  assumes  ?  Is  oxidation  checked  by  the  ex- 
ertion of  force  upon  muscle  ? 

Or,  again,  suppose  a  man  is  walking  down  hill.  If  he  weighs  1 50 
pounds  and  walks  10  miles  down  a  grade  of  14^^  he  will  descend 
vertically  2^/^  miles  and  the  potential  energy  given  up  by  his  body 
as  a  whole  will  be  1,980,000  foot  pounds,  which  is  equivalent  to  a 
horse-power  working  for  an  hour.  What  form  does  this  energy 
take?  Such  an  experiment  could  be  performed  in  a  respiration 
calorimeter  by  using  the  proposed  treadmill  for  an  inclined  plane, 
and  driving  it  by  an  electric  motor,  having  the  man  walk  down  hill 
as  the  plane  was  driven  up.  Perhaps  such  experiments  have  already 
been  made,  but  so  far  as  I  am  aware  no  satisfactory  answers  to 
these  questions  have  been  reached. 

An  intermediate  case  is  where  force  is  exerted  without  doing  work, 
as  when  a  weight  is  held  in  the  hands  without  being  raised  or 
lowered. 

The  suggestion  that  there  is  an  energy-bearing  product  of  mental 
effort  which  is  capable  of  being  apprehended  by  physical  instru- 
ments is  contrary  to  our  physical  notions.  The  increased  genera- 
tion of  heat  in  the  brain  and  head,  due  to  increased  circulation  of 
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the  blood  or  increased  oxidation  of  tissue  or  other  oxidizable  ma- 
terial during  mental  activity  is  however  something  that  can  be 
studied.  But  it  would  require  special  apparatus  other  than,[or  in 
addition  to,  the  respiration  calorimeter. 

Wesley  AN  University,  Middletown,  Conn.,  September  5,  1S99. 
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A   DISSOCIATION  THEORY  OF  THE    ELECTRIC   ARC. 

By  C.  D.  Child. 

A  SERIES  of  very  instructive  photographs  of  the  alternating 
current  arc  were  shown  by  Mr.  N.  H.  Brown  in  the  Physical 
Review  for  November,  1 898.  An  experiment  recently  performed 
by  the  present  writer  bears  somewhat  upon  some  of  the  phenomena 
there  noticed  and  it  may  not  be  amiss  to  review  briefly  the  results 
of  Mr.  Brown's  article  before  describing  this  experiment.  In  order 
to  refer  more  easily  to  the  photographs  Plate  II.  of  that  article  is 
here  reproduced.  These  are  photographs  of  the  alternating  cur- 
rent arc  taken  upon  a  rapidly  moving  film.  A  screen  with  a  nar- 
row ^lit  was  so  placed  that  light  from  but  a  small  section  taken 
lengthwise  of  the  arc  fell  on  the  film.  The  films  moved  from  left 
to  right,  and  accordingly  when  read  from  right  to  left,  they  give 
the  history  of  the  arc  through  successive  alternations.  There  ap- 
pear to  be  two  light  fronts,  one  starting  somewhat  sooner  than  the 
other.  As  indicated  by  Mr.  Brown,  it  is  the  negative  one  which 
starts  the  sooner,  but  moves  with  the  slower  velocity.  The  differ- 
ent photographs  were  taken  with  different  velocities  of  the  film  and 
with  different  distances  between  the  carbons  but  the  general  charac- 
teristics are  the  same  in  all  here  reproduced. 

There  would  seem  to  be  no  doubt  as  to  the  cause  of  the  fact  that 
the  arc  starts  at  the  negative  carbon.  As  was  shown  the  car- 
bon which  is  negative  at  the  beginning  of  a  passage  of  the  current 
was  in  the  previous  discharge  positive,  and  it  is  well  known  that 
after  the  current  has  once  been  established  the  positive  carbon  is 
the  hotter.  This  carbon  would  continue  to  be  the  hotter  after  the 
previous  discharge  had  ceased,  the  vapors  in  its  immediate  vicinity 
would  continue  to  be  hotter  than  elsewhere  and  the  current  would 
accordingly  begin  at  this  point. 

The  explanation  of  the  fact  that  the  positive  light  front  appears 
to  move  the  more  rapidly  is  not  so  simple.     But  though  not  simple, 
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it  may  be  the  means  of  giving  us  a  much  better  knowledge  of  the 
arc  than  that  which  we  now  possess.  The  explanation  was  sug- 
gested that  the  current  was  at  least  in  part  carried  by  ions  and  that 
the  positive  ions  move  with  the  greater  velocity.  Mr.  Brown  does 
not  appear  to  consider  this  a  probable  explanation,  and  in  fact  it 
does  not  seem  to  be  a  possible  one  in  the  form  suggested,  /.  ^.,  that 
the  greater  velocity  of  the  positive  ions  may  be  due  to  the  greater 
fall  of  potential  at  the  positive  carbon.  For  the  distance  through 
which  the  positive  ions  have  the  greater  velocity  is  shown  by  the 
photographs  to  be  greater  than  the  space  in  which  the  fall  of  poten- 
tial is  so  great  and  millions  of  times  greater  than  the  mean  free  path 
of  the  molecules  at  atmospheric  pressure.  We  cannot  see  how  the 
mean  free  path  of  the  ions  carrying  the  current  can  be  greater  than 
that  of  ordinary  molecules.  The  ions  will  not  maintain  their  ve- 
locity more  than  the  distance  of  their  mean  free  path  beyond  the 
space  where  the  fall  of  potential  is  so  great,  unless  the  air  move  as 
one  mass,  but  the  photographs  show  that  there  is  a  motion  from 
the  negative  to  the  positive  as  well  as  from  the  positive  to  the  neg- 
ative, and  the  air,  as  a  whole,  cannot  move  in  both  directions  at  once. 

There  is,  of  course,  the  possibility  that  the  effects  shown  in  the 
photographs  are  not  caused  by  ions  of  molecular  size,  but  particles 
of  carbon  which  are  driven  off.  But  if  this  were  the  case,  we  should 
expect  a  disturbance  of  some  kind  at  the  point  where  the  streams  of 
negative  and  positive  particles  meet,  and  that  this  would  be  shown 
ill  the  photographs.     Nothing  of  this  sort,  however,  is  noticeable. 

There  are  indications  in  the  photographs  of  a  phenomenon  which 
would  afford  a  still  stronger  reason  against  the  idea  that  the  greater 
velocity  is  caused  by  the  greater  fall  of  potential  at  the  positive  car- 
bon. In  one  or  two  cases,  especially  in  the  discharge  shown  at  the 
left  hand  of  2  A  the  negative  appears  to  move  slower  at  the  same 
time  and  in  the  same  region  where  the  positive  front  is  moving  more 
rapidly.  If  this  should  be  shown  to  be  the  case,  it  would  afford 
very  strong  evidence  that  the  current  is  carried  by  ions,  and  that 
the  positive  ones  move  the  more  rapidly,  not  because  of  the  greater 
fall  of  potential  at  the  positive  carbon,  but  because  they  do  so  even 
with  the  same  potential  gradient. 

It  is  not  known  to  the  present  writer  whether  it  is  possible  to 
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make  photographs  of  such  a  character  as  to  decide  definitely  this 
point,  and  in  the  absence  of  such  knowledge  it  seenied  well  to  con- 
sider the  conclusions  to  which  such  a  hypothesis  would  lead. 
Moreover  the  experiment  to  which  reference  has  been  made  tends 
to  substantiate  this  view.  The  following  article  will  accordingly  be 
devoted,  first,  to  a  discussion  of  the  hypothesis  that  the  current  is 
carried  in  the  arc  by  ions  and  that  the  positive  ions  with  the  same 
potential  gradient  move  the  more  rapidly  ;  and  second,  to  a  descrip- 
tion of  the  experimental  work  performed. 

As  is  well  known,  this  resistance  of  the  arc  is  not  an  ohmic  re- 
sistance. A  minimum  difference  of  potential  is  necessary  in  order 
to  maintain  an  arc,  and  when  the  current  is  increased  the  apparent 
resistance  becomes  smaller.  Indeed,  the  resistance  decreases  so 
rapidly  in  the  case  of  poles  of  solid  carbons  with  a  definite  distance 
between  them  that  the  difference  of  potential  becomes  smaller  as 
the  current  becomes  greater.*  The  greater  part  of  the  fall  of  po- 
tential through  the  arc  occurs  at  the  surface  of  contact  between  the 
conducting  gas  and  the  carbons,  and  by  far  the  greater  fall  is  at  the 
positive  pole.  Diagram  i  represents  the  fall  of  potential  between  two 
poles  according  to  the  data  found  by  Mrs.  Ayrton.^  The  continuous 
line  would  represent  the  case  when  a  current  of  10  amperes  flows 
between  the  solid  carbons  at  a  distance  from  each  other  of  8  cm. 
The  explanation  often  offered  is  that  there  is  a  counter  E.  M.  F.  in 
the  arc  caused  by  a  combination  of  the  Thomson  and  Peltier  effects. 
However,  it  has  never  been  possible  to  find  any  trace  of  the  counter 
E.  M.  F.  after  the  impressed  E.  M.  F.  has  been  removed.  This  is 
surprising  since  the  gases  of  the  arc  can  be  shown  to  be  conducting 
for  an  appreciable  time  after  the  current  has  ceased  to  flow,  and  a 
counter  E.  M.  F.  acting  for  1/200  sec.  would  surely  be  detected.* 
If  the  effect  is  a  true  Thomson  effect,  it  will  last  as  long  as  the  in- 
equalities of  temperature  continue.  That  the  inequalities  do  last 
for  an  appreciable  time  is  shown  by  photographs  of  the  arc.  There 
may,  of  course,  be  some  action  similar  to  the  Thomson  effect  but 
in  just  what  the  similarity  consists  has  not  yet  been  shown. 

'  Lond.  Elec,  Vol.  34,  p.  366. 
«Lond.  Elec,  Vol.  41,  p.  720. 
*  Lond.  Elec,  Vol.  39,  p.  615. 
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On  the  other  hand  the  suggestion  that  the  current  in  the  arc  is 
carried  by  ions  and  that  the  positive  ions  have  the  greater  velocity 
would  appear  to  offer  a  satisfactory  explanation  of  the  arc.  A 
similar  hypothesis  was  given  by  Prof.  Zeleny  to  account  for  the  phe- 
nomena in  the  case  of  discharge  produced  by  X-rays.*  His  hypoth- 
esis needs  but  little  modification  to  adapt  it  to  the  case  in  hand. 
The  principal  difference  would  be  that  in  the  case  described  by  Prof. 
Zeleny  the  negative  ions  had  the  greater  velocity,  while  in  the  case 
in  hand  the  positive  ions  have  the  greater  velocity. 

We  must  suppose  that  the  intense  heat  of  the  arc  dissociates  the 
gases  of  the  arc  into  positive  and  negative  ions.     We  cannot  at 
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Fig.  1. 

present  know  whether  the  charges  on  the  oppositely  charged  ions 
are  or  are  not  equal.  But  in  any  case  it  would  not  alter  the  essen- 
tial idea  of  this  article,  and  for  simplicity  we  may  assume  an  equal 
number  of  positive  and  negative  ions  with  equal  charges  on  the  two 
kinds  of  ions.  On  being  dissociated  the  positive  ions  move  toward 
the  negative  pole,  and  the  negative  ions  towards  the  positive  pole. 
No  doubt  recombination  and  again  dissociation  take  place  fre- 
quently. But  however  often  this  may  occur  there  will  be  an  action 
equivalent  to  a  motion  of  the  negative  ions  in  one  direction  and  the 
positive  in  the  opposite  direction. 

There  would  be  an  excess  of  positive  ions  in  the  vicinity  of  the 

*Phil.  Mag.  (5),  Vol.  46,  p.  120. 
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negative  pole  and  of  the  negative  ions  in  the  vicinity  of  the  posi- 
tive pole  somewhat  as  indicated  in  Fig.  2,  ^here  the  negative 
pole  is  at  the  left.  The  amount  of  electrification  is  shown  by  the 
ordinates.  This  electrification  would  produce  an  effect  on  the 
potential.  Without  any  electrification  the  potential  would  fall  regu- 
larly from  one  pole  to  the  other  as  shown  by  the  dotted  line  in  Fig. 
I.  The  electrification  would  change  it  so  as  to  conform  roughly 
with  the  continuous  line  in  Fig.  i . 

If  now  the  positive  ions  move  with  the  greater  velocity,  they 
would  in  general  take  less  time  in  reaching  the  pole  toward  which 
they  are  moving,  and  there  would  consequently  be  fewer  of  them 
between  the  poles  at  any  instance  of  time.     In  a  similar  way  if  two 
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armies  having  equal  numbers  of  soldiers  were  to  march  over  a 
given  distance,  the  army  moving  the  more  rapidly  would  afford 
fewer  soldiers  per  acre.  The  same  is  true  of  the  ions.  This  will  be 
true  whether  the  ions  move  directly  across  from  pole  to  pole,  or 
only  succeed  in  going  across  after  many  interruptions  produced  by 
their  dissociating  and  recombining.  The  excess  of  negative  ions  is 
indicated  in  Fig.  2.  If  then  there  are  more  negative  than  positive 
ions  between  the  carbon  terminals,  they  would  cause  the  potential 
of  the  gas  to  be  lower  than  it  otherwise  would  be,  as  is  indicated 
in  Fig.  I. 

At  the  surface  of  contact  between  the  gases  and  the  carbons  the 
conditions  are  somewhat  exceptional.  At  a,  Fig.  i,  there  would  be 
no  negative  ions  moving  toward  the  right.     If  the  potential  gradient 
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were  the  same  here  as  elsewhere,  there  would  be  positive  ions  at  r, 
which  had  come  from  the  right,  but  no  negative  ions  from  the  left  to 
neutralize  the  electrostatic  effect.  The  potential  at  c  would,  there- 
fore, become  positive,  due  to  the  positive  ions,  and  the  rise  of  po- 
tential between  a  and  c  would  be  greatly  augmented.  A  similar 
effect  would  occur  at  the  positive  pole.  This  would  account  for  the 
large  fall  of  potential  at  the  poles.  The  fact  that  the  potential  of 
the  gas  is  lowered,  because  of  the  greater  velocity  of  the  positive 
ions  would  make  the  fall  of  potential  at  the  positive  pole  greater 
than  at  the  negative. 

It  is  impossible  to  put  this  explanation  into  mathematical  form, 
because  of  the  complexity  of  the  conditions.  The  amount  of  dis- 
sociation at  any  point  depends  on  the  temperature  at  that  point  ac- 
cording to  some  law  which  is  not  at  present  known,  and  the  tem- 
perature in  turn  depends  on  the  potential  gradient  which  in  turn 
depends  on  the  amount  of  dissociation.  It  would  be  wiser  to  leave 
this  circle  of  dependencies  until  our  knowledge  of  the  subject  is  in 
a  more  advanced  state. 

With  this  explanation  of  the  arc  it  is  easy  to  see  why  the  ap- 
parent resistance  becomes  less  as  the  current  is  increased.  With 
increase  of  current  there  would  be  more  heat  developed  in  the  arc. 
A  greater  dissociation  would  occur,  and  this  in  turn  would  cause 
the  apparent  resistance  to  be  less.  It  would,  however,  be  impossi- 
ble for  the  potential  difference  to  become  smaller  so  fast  that  the 
amount  of  heat  developed  by  a  large  current  would  be  less  than 
that  developed  by  a  smaller  one.  As  far  as  is  known  this  does  not 
occur. 

This  view  also  harmonizes  with  the  fact  that  with  an  alternating 
current  the  average  potential  between  the  poles  is  not  zero,  but  is 
negative.  The  positive  ions  moving  with  greater  velocity  pass  out 
of  the  field  quicker,  leaving  an  excess  of  negative  ions  and  a  cor- 
responding negative  potential. 

The  experiment  referred  to  at  the  beginning  of  this  article  was  sug- 
gested by  a  recent  article  in  the  PIdlosophical  Magazine  *  by  Professor 
A.  P.  Chattock  on  the  velocity  of  ions  in  the  case  of  discharge  from 
a  point  to  a  plate.     From  his  experiment  there  appears  to  be  a  drag 

»Phil.  Mag.  (5),  Vol.  48,  p.  401. 
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produced  on  the  air  by  the  friction  between  the  air  and  the  ions, 
and  this  drag  shows  itself  as  an  increased  air  pressure  at  the  plate. 
Professor  Chattock  was  able  to  measure  this  pressure  by  a  sensitive 
manometer.  It  seemed  possible  to  the  present  writer  that  if  the 
current  of  the  arc  is  carried  by  ions  their  presence  could  be  detected 
by  a  similar  method. 

The  manometer  used  in  this  experiment  was  similar  to  one  shown 
me  at  one  time  by  Mr.  W.  R.  Turnbull.  1  am  unable  to  state 
whether  any  description  is  given  of  it  elsewhere  or  not.  It  consists 
of  an  air-tight  chamber,  4  cm.  on  each  side  and  i  cm.  thick.  One 
side  is  covered  with  rubber  dam  which  moves  with  a  very  slight 
increase  of  pressure  on  the  air  within  the  chamber.  The  chamber 
is  shown  in  cross  section  in  Fig.  3.  -^  is  the  chamber  which  may 
be  connected  at  e  to  the  other  parts  of  the  ap- 
paratus. R  is  the  rubber  dam  covering  one  face. 
In  front  of  the  rubber  is  the  mirror  m.  The  mir- 
ror is  fastened  to  the  needle  n  which  is  free  to 
rotate,  a  and  b  are  strips  of  tin  projecting  from 
the  chamber  A  and  holding  the  needle  n  in  place. 
The  wire  d  is  fastened  to  the  rubber  dam  and 
also  to  the  mirror  near  to  the  axis  about  which 
the  mirror  rotates,  so  that  a  slight  motion  of  d 
gives  the  mirror  a  sensible  rotation.  This  rota- 
tion was  read  by  a  telescope  and  scale.  It  has 
not  as  yet  been  possible  to  do  any  quantitative  work,  and  according- 
ly the  manometer  was  only  roughly  calibrated  by  comparing  it  with 
a  water  manometer.  A  pressure  of  i  mm.  of  water  corresponded  to 
a  deflection  of  10  cm.  with  the  sensitive  manometer.  A  deflection 
of  I  cm.  would  therefore  correspond  approximately  to  a  pressure  of 
i/ioo.ocx)  of  an  atmosphere. 

A  small  hole  was  drilled  lengthwise  through  one  of  the  carbons 
and  the  manometer  was  connected  with  this  aperture. 

On  starting  the  arc  the  manometer  showed  an  increase  of  pres- 
sure. It  was,  of  course,  impossible  to  keep  the  end  of  the  arc  on 
the  same  point  on  the  carbon,  and  as  a  result  there  was  a  continual 
variation  in  the  pressure  indicated.  The  pressure  was  greater  as 
the  end  of  the  arc  was  nearer  the  aperture.     This  continual  varia- 
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tion  of  the  pressure  made  any  qualitative  measurement  impossible, 
but  it  was  plain  that  the  pressure  was  greater  at  the  positive  carbon. 

In  order  to  remove  any  doubt  a  manometer  was  constructed  so 
as  to  measure  the  difference  between  the  pressures  at  the  positive 
and  the  negative  carbons. 

The  instrument  was  the  same  as  that  shown  in  Fig.  3,  except 
that  in  front  of  R  was  placed  a  second  air-tight  chamber.  A  win- 
dow in  this  chamber  allowed  the  motion  of  the  mirror  to  be  detected 
as  before.  One  chamber  was  connected  with  the  aperture  through 
one  carbon,  and  the  other  chamber  tp  the  aperture  of  the  other 
carbon. 

With  this  instrument  the  deflection  was  to  the  right  or  to  the 
left  depending  on  the  direction  in  which  the  current  passed  between 
the  carbons.  The  deflection  was  always  reversed  when  the  cur- 
rent in  the  arc  was  reversed.  By  this  it  was  proved  that  the 
pressure  at  the  positive  carbon  was  greater  than  that  at  the  nega- 
tive. The  deflection  of  the  manometer  was  at  times  as  much  as 
5  cm.,  showing  that  the  difference  of  pressure  was  .00005  of  an 
atmosphere. 

The  effect  was  very  much  more  marked  with  a  large  current 
than  with  a  small  one.  Thus  when  the  current  was  6  amperes 
there  was  scarcely  any  pressure  indicated.  When  the  current  was 
20  amperes  an  average  reading  of  the  manometer  would  indicate  a 
difference  in  pressure  of  .00002  of  an  atmosphere.  This  was 
possibly  due  to  the  fact  that  the  arc  in  the  latter  case  covered  a 
larger  part  of  the  carbon  about  the  aperture. 

The  carbons  were  placed  horizontal  in  order  to  avoid  convection 
currents.  But  when  they  were  placed  other  than  horizontal  no 
difference  in  the  effect  was  noticed.  Moreover,  it  seems  impossible 
that  the  effect  could  be  due  to  convection  currents,  because  re- 
versing the  current  without  in  any  way  changing  the  position  of 
the  carbons  or  their  connections  to  the  manometer  would  reverse 
the  effect. 

The  effect  may  be  due  to  the  expansion  of  the  gases  in  the  arc 
caused  by  the  heat,  perhaps  to  the  formation  of  COj  or  to  vapori- 
zation of  the  carbon.  We  should  in  this  case  expect  the  pressure 
at  the  positive  carbon  to  be  the  greater,  because  the  arc  there  is  the 
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hotter.  This  is,  indeed,  what  we  find.  There  is  one  objection  to 
this  view.  If  this  effect  were  due  to  the  heat  of  the  arc,  one 
would  expect  that  when  one  carbon  was  directly  over  the  other 
the  upper  carbon  would  show  the  greater  pressure  whichever  way 
the  current  flowed.  This  was  not  found  to  be  the  case.  The 
positive  carbon  showed  the  greater  pressure  whether  it  was  up  or 
down.  Moreover,  the  experiment  was  tried  of  inclosing  the  car- 
bons in  a  chamber  from  which  free  access  of  air  was  excluded  as 
far  as  possible  without  stopping  all  vent  for  the  expansion  of  the 
gases  caused  by  the  arc.  The  effect  was  in  this  case  the  same  as 
when  free  access  of  oxygen  was  allowed.  These  cannot  be  con- 
sidered as  proofs  that  the  effect  is  not  due  to  differences  of  tem- 
perature, but  they  are  at  least  facts  which  will  warrant  us  in  con- 
sidering some  other  hypothesis. 

Professor  Chattock  showed  that  in  the  case  of  discharge  from  a 

Cz 
point  to  a  plate  /  =  ^  where  p  is  the  total  drag  exerted  on  the  air, 

C  equals  the  total  current,  z  equals  the  distance  between  the  point 
and  the  plate  and  V  equals  the  velocity  of  the  ions  for  unit  poten- 
tial gradient.  In  the  case  of  the  arc  the  conditions  are  much  more 
complicated.  Instead  of  the  current  being  all  carried  by  ions  of 
one  sign,  it  is  carried  by  both  positive  and  negative  ions.  This  in 
itself  would  not-make  the  problem  impossible  of  solution,  if  at  all 
points  the  same  part  of  the  current  were  carried  by  ions  of  one 
sign.  This,  however,  is  not  the  case,  and  because  of  irregularities 
of  the  arc  it  is  impossible  to  make  any  mathematical  statement 
which  will  apply.     But  we  can  get  some  insight  into  the  matter  by 

Cz 

considering  the  physical  meaning  of  the  equation  /  =  ^ .     The 

drag  which  the  ions  produce  must  be  equal  to  the  force  exerted 
upon  them  since  their  acceleration  is  negligible.  It  is  as  it  would 
be  with  a  block  being  pulled  over  the  floor  with  a  uniform  velocity. 
The  pull  on  the  floor  due  to  the  friction  is  the  same  as  the  pull  on 
the  block.  So  the  drag  on  the  air  is  equal  to  the  total  attraction 
between  the  plate  and  the  ions  which  are  at  any  instant  above  the 
plate.  This  will  evidently  be  greater  the  greater  the  number  of  ions. 
Other  things  being  equal  the  number  of  ions  will   be  greater  the 
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Cz 

slower  they  move.     This  is  shown  in  the  equation  /  =«  ^  .     The 

number  will  be  greater  the  more  current  is  being  carried  and  will 
be  greater  the  greater  the  distance  between  the  point  and  the  plate. 
The  drag  will,  therefore,  be  proportional  to  C  and  to  z. 

With  this  conception  of  the  cause  of  the  drag,  /.  ^.,  that  it  is 
caused  by  the  attraction  between  the  electrodes  and  the  ions,  we 
can  apply  it  qualitatively  to  tlie  arc.  Referring  to  Fig.  2  we  see 
that  there  must  be  a  pressure  on  the  positive  carbon  due  to  the  at- 
traction between  the  carbon  and  the  negative  ions  near  it.  There 
will  also  be  a  pressure  on  the  negative  carbon  for  a  similar  reason. 
The  attraction  on  the  positive  carbon  will,  however,  be  the  greater 
because  there  are  more  negative  ions  between  the  carbons  than 
positive  ones.  This,  indeed,  was  what  was  found  in  the  experi- 
ment. 

It  is  thus  seen  that  all  the  phenomena  of  the  arc  which  are 
known  can  be  explained  in  accordance  with  the  hypothesis  here 
suggested.  The  action  of  the  arc  is.  however,  very  complicated, 
and  it  may  well  be  that,  though  this  explanation  be  partially  cor- 
rect, it  is  not  a  complete  explanation.  It  is  hoped  that  a  more 
thorough  investigation  of  the  phenomena  here  noticed  may  bring 
to  light  facts  more  decisive,  and  result  in  definite  knowledge  con- 
cerning what  has  heretofore  proved  a  troublesome  problem. 

Colgate  University,  January,  1900. 
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THE   EFFECT   OF   MAGNETIZATION    ON   THE    ELAS- 
TICITY OF   RODS.     II. 

By  James  S.  Stevens. 

IN  the  Physical  Review  for  August,  1 899,  there  was  described 
a  series  of  experiments  in  which  by  the  use  of  interference 
methods,  it  was  shown  that  iron  and  steel  rods  developed  a  greater 
elastic  modulus  when  magnetized.  In  those  experiments  flexional 
elasticity  alone  was  considered.  In  the  present  paper  I  shall  de- 
scribe some  experiments  which  had  for  their  object  the  determina- 


<<c=C 


Fig.  1. 

tion  of  the  effect  of  magnetization  upon  torsional  elasticity.  That 
some  relation  exists  between  torsion  and  elasticity  has  been  known 
since  1847,  when  Matteucci  examined  the  change  in  magnetization 
undergone  by  an  iron  rod  when  it  was  twisted.  Further  investiga- 
tions have  been  carried  on  by  Wertheim,  Wiedemann,  Kelvin  and 
others,  with  the  general  conclusion  that  when  a  rod  of  soft  iron 
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exposed  to  longitudinal  magnetizing  force  was  twisted,  its  magne- 
tism was  reduced  by  torsion  in  either  direction  (Ewing). 

In  these  experiments  three  styles  of  cylindrical  rods  were  em- 
ployed:  one  of  iron,  183  cm.  long  and  0.48  cm.  in  diameter;  one 
of  steel  of  the  same  dimensions,  and  lastly  the  iron  rod  was  reduced 
in  length  to  163  cm.  To  magnetize  these  rods  a  coil  of  two  layers 
of  No.  16  wire  was  wound  in  1,612  turns.  The  length  of  the  coil 
was  132. 1  cm.  One  end  of  the  rod  was  rigidly  screwed  into  an 
ron  plate,  fastened  to  a  solid  wall,  and  to  the  other  was  attached 
an  arm  carrying  a  weight  at  the  opposite  end  which  supplied  the 
force  of  torsion.  The  arrangement  of  the  apparatus  is  shown  in 
the  accompanying  figure. 

After  the  rod  had  been  twisted  by  the  application  of  the  given 
weight  the  current  was  sent  through  the  coil,  and  in  every  case 
where  the  current  was  sufficiently  strong  a  rising  of  the  weights 
was  observed,  showing  that  the  magnetizing  effect  was  such  as  to 
increase  the  torsional  elasticity.  In  order  to  damp  the  vibrations  a 
small  weight  suspended  in  a  jar  of  water  served  as  a  dash  pot.  The 
following  table  shows  approximately  the  angles  through  which 
the  rods  were  twisted  by  the  loads  applied. 

Angle  of  Toralon  (degrees). 

2 
15 
30 
39 

To  measure  the  change  which  took  place  in  the  angle  of  torsion 
when  the  rods  were  magnetized,  I  employed  two  methods :  first,  a 
mirror  was  fastened  to  the  arm  and  the  rotation  of  the  rod  was 
measured  by  a  telescope  and  scale ;  secondly,  in  case  the  rotation 
was  small,  a  device  shown  in  the  figure  was  employed  which  multi- 
plied the  scale  readings  9.43  times. 

In  the  following  tables  are  shown  the  current,  magnetizing  force, 
scale  readings  and  the  angle  representing  the  corresponding  rota- 
tion of  the  rods. 


Moment  of  Torsion  (dynes). 

6.3  X  10« 

4.8  X  10' 

9.8  X  10' 

13.6  X  10' 
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Table  I. 

Iron  rod,  183  cm.  long.     Moment  of  Torsion  9.8  X  10^  dynes. 


Magnetising 
Force. 

7.7 

Scale 
Readings. 

~  o^oi 

Angular 
Rotations 
(Minutes). 

~    0T3 

Magnetixing 
Force. 

50.0~ 

Scale 
Readings. 

0.94 

Angular 
RoUtions 
(Minutes). 

25.5 

13.7 

0.02 

0.6 

54.6 

0.97 

26.3 

19.9 

0.12 

3.3 

71.9 

1.1 

33.0 

23.0 

0.29 

1        7.8 

76.5 

1.2 

36.0 

29.1 

0.45 

12.3 

79.6 

1.2 

36.0 

32.1 

0.66 

18.0 

91.8 

1.2 

36.0 

35.2 

0.72 

19.2 

104.0 

1.3 

39.0 

38.3 

0.74 

20.1 

117.8 

1.3 

39.0 

42.8 

0.83 

22.5 

127.0 

1.3 

39.0 

44.3 

0.87 

23.7 

137.7 

1.4 

42.0 

Table  II. 

Iron  Rod,  183  cm.  long.     Moment  of  Torsion  4.8  X  10'  dynes. 


Magnetising 
Force. 

Scale  Read. 
ings. 

Angular 

Rotations 

(Minutes). 

Magnetizing 
1        Force. 

Scale  Read- 
ings. 

Angular 
Rotations 
(Minutest. 

4.6 

0.01 

0.3 

;        36.7         1 

0.90 

24.6 

9.2 

0.02 

0.6 

'        39.8         1 

0.92 

25.2 

13.8 

0.23 

6.6 

47.4 

1.00 

27.3 

16.8 

0.35 

9.6 

52.1 

1.06 

28.8 

19.9 

0.46 

12.6 

\        64.3 

1.13 

30.9 

23.0 

0.62 

16.8 

76.5 

1.22 

33.3 

26.0 

0.69 

18.9 

82.3 

L23 

33.6 

30.6 

0.78 

21.3 

90.3 

1.25 

34.2 

32.1 

0.80 

2L9 

1 

Table  III. 

Steel  Rody  183  cm.  long.     Moment  of  Torsion  9.8  X  10'  dynes. 


Magnetizing 
Force. 

Soale  Read- 
ings. 

0.1 

Angular 
Rotations 
(Minutesi. 

2.6 

V 

Magnetizing 
Force. 

76.5 

Scale  Read. 
ings. 

0.2 

Angular 
Rotations 
(Minutes). 

7.7 

5.2 

15.3 

0.1 

2.6 

i           9L8 

0.3 

7.8 

22.9 

0.1 

2.6 

137.7 

0.3 

7.8 

30.6 

0.1 

2.6 

145.4 

0.3 

7.8 

35.2 

0.1 

2.6 

153.0 

0.4 

10.4 

38.3 

0.2 

5.2 

,         168.3 

0.4 

10.4 

58.1 

0.2 

5.2 

214.1 

0.5 

13.0 

6L2 

0.2 

5.2 

1 
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Table  IV. 

Iron  Rod,  163  cm.  long.     Moment  of  Torsion  9.8  ^  10^  dynes. 


12.4 
19.9 
27.5 
30.6 
38.3 
61.2 
68.8 
76.5 


0.05 

0.15 

0.2 

0.2 

0.3 

0.3 

0.4 

0.4 


Anfular 


Force.        ,     Reading.  /  Minute.  ^ 


(Minutes). 

1.3 
3.8 
5.0 

5.0 

5.0 

7.7 
10.0 
10.0 


I 


Macnetixinf  '         Scale 
Force.  Reading. 


79.4 
107.1 
130.0 
137.7 
153.0 
183.6 
198.9 


0.4 
0.4 
0.5 
0.5 
0.5 
0.6 
0.6 


Aofular 
Rotations 
(Minutes). 

lOO 
10.0 
12.5 
12,5 
12.5 
15.1 
15.1 


Table  V. 

Iron  Rod,  183  cm.  long.     Moment  of  Torsion  13.6  X  10'  dynes. 


MasnetizinK      Scale  Read-         RotaSons 
Force.  ings.  (Minutes). 


Measurements  were  also  taken  with  no  weight  added  to  the  arm 
of  torsion  except  the  small  one  used  with  the  dash  pot.  The  mo- 
ment of  torsion  was  6.3  x  10*  dynes.  While  a  deflection  was  noted 
with  each  magnetizing  force  used,  the  scale  readings  were  quite 
irregular  and  the  zero  not  constant. 

By  use  of  the  device  for  multiplying  the  scale  readings,  it  is 
thought  that  the  error  in  estimation  need  not  exceed  eight  seconds. 

The  above  curves  were  plotted  with  magnetizing  force  divided  by 
4  and  corresponding  angles  of  rotation  expressed  in  minutes  as  co- 
ordinates, /is  for  the  steel  rod,  //the  short  iron  rod,  ///,  IV  and 
V,  the  longer  iron  rod  with  moments  of  force  13.6  x  lo^  4.8  x  10^ 
and  9.8  X  10^  dynes  respectively.  Without  doubt,  the  lack  of  regu- 
larity of  the  lines  is  due  in  large  measure  to  errors  of  observation. 
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From' the  general  consideration  of  the  experiments,  and  the -in- 
spection of  the  tables  and  plots,  the  following  conclusions  may,  I 
think,  be  written  down  : 

I.  Magnetization  of  an  iron  or  steel  rod  increases  its  torsional 
elasticity.  This  would  be  expected  from  the  results  of  the  experi- 
ments mentioned  in  the  first  part  of  this  paper  dealing  with  the  effects 
of  torsion  upon  elasticity. 
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Fig.  2. 

2.  The  effect  is  greater  in  iron  than  in  steel  rods  of  the  same 
dimensions. 

3.  The  increase  in  elasticity  varies  with  the  length  of  the  rod. 
If  we  compare  the  results  of  this  experiment  with  those  of  the 

experiments  on  elasticity  of  flexion,  we  note  a  distinct  agreement. 
In  the  first  place  the  modulus  of  elasticity  is  increased  in  each  case 
when  the  rod  is  magnetized  ;  the  increments  are  fairly  proportional 
to  the  magnetizing  forces ;  and  they  are  inversely  proportional  to 
the  magnitudes  of  original  stresses.  So  far  as  elasticity  of  trac- 
tion is  concerned,  the  only  results  published  are  given  in  the  Phvs- 
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ICAL  Review,  Volume  II.,  No.  4.  They  do  not  represent  exact 
measurements  but  are  inferences  which  were  suggested  in  connec- 
tion with  another  experiment,  and  go  to  show  that  in  this  case  also 
magnetization  increases  the  elasticity.  It  is  expected  that  a  little 
later  the  effect  of  magnetization  upon  a  rod  subjected  to  longitu- 
dinal pressure  will  be  studied. 

It  ought  to  be  said  that  the  mechanical  arrangements  for  this  ex- 
periment are  due  to  H.  G.  Dorsey,  and  that  in  taking  the  readings 
I  was  assisted  by  S.  Sidensparker,  instructors  in  the  Department  of 
Physics. 

Physical  Laboratory,  The  University  of  Maine. 
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THE    INFLUENCE    OF    TEMPERATURE,   PRESSURE, 

USED    SOLUTIONS,  AND    SIZE    OF    ANODES    ON 

THE  DEPOSIT    OF   SILVER  VOLTAMETERS. 

By  J.  F.  Merrill. 

THE  object  of  the  work  herein  described  was  to  see  if  by  a 
change  of  temperature  or  pressure,  etc.,  the  electric  charge 
carried  by  silver  ions  in  the  electrolysis  of  silver  nitrate  could  be 
varied.  It  is  well  known  that  the  amount  of  the  silver  deposit,  as 
obtained  in  ordinary  electrolysis,  varies  slightly  according  to  the 
conditions  under  which  the  deposit  is  obtained.  But  that  this  vari- 
ation is  due  to  any  change  in  the  carrying  capacity  of  the  silver  ions 
has  probably  not  been  proved. 

The  method  here  employed  was  of  course  comparative.  Two 
silver  voltameters,  usually  alike  in  all  respects,  were  placed  in  series 
and  the  deposit  from  one  under  ordinary  conditions  compared  with 
the  deposit  from  the  other  obtained  under  different  conditions.  Then 
any  differences  in  the  two  deposits  must  be  due  to  the  different  con- 
ditions. After  formation,  the  two  deposits  were  treated  alike  with 
respect  to  washing,  heating,  etc.,  to  avoid  any  variation  in  amount 
due  to  different  treatment. 

Influence  of  Pressure. 

Preliminary  experiments  having  shown  that  the  pressure  must  be 
considerable  to  produce  any  certain  effect,  a  piece  of  apparatus  was 
made  by  means  of  which  the  voltameter  could  be  subjected  to  a 
gaseous  pressure  up  to  1 20  atmospheres.  The  pressure  cage  was 
made  by  boring  a  hole  3  ^  inches  in  diameter  in  a  piece  of  steel 
shafting,  threading  a  portion  of  it,  and  then  screwing  it  down  upon 
a  suitably  prepared  cast-iron  base  up  through  the  bottom  of  which 
the  conducting  wires  passed  and  the  compressing  gas  was  admitted. 

The  Rayleigh  form  of  silver  voltameters  was  employed.  The 
diameter  of  each  platinum  dish,  or  bowl,  was  7  cm.,  and  the  di- 
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mensions  of  the  silver  anodes,  when  new,  were  4  cms.  diameter  by 
2  mm.  thick. 

The  insulation  of  the  voltameter  in  the  cage  seemed  to  be  perfect, 
but,  to  make  sure  of  no  error  due  to  leakage,  the  position  of  the 
two  voltameters  with  respect  to  the  battery  was  reversed  in  alternate 
experiments. 

The  pressure  was  secured  by  admitting  compressed  air  from  a 
cylinder  into  the  cage. 

The  following  results  were  obtained  : 

No.  Experiment,  12  3 

Pressure  in  atmospheres,  103                     95  103 

Deposit  in  air,  1.1371            1.23745  1.08205 

"      under  pressm-e.  1.1370            1.23740  1.08190 

Difference  in  grams,  0.0001  0.00005  0.00015 

The  time  of  deposit  in  each  case  was  about  32  minutes.  Accord- 
ing to  these  results,  no  pressure  effect  seems  to  have  been  produced, 
as  the  differences,  though  all  in  the  same  direction,  are  probably 
within  the  limit  of  experimental  error. 

To  see  if  the  air  absorbed  under  pressure  exercised  any  influence, 
two  deposits  were  made  after  the  voltameter  had  stood,  in  each  case, 
during  several  hours  under  a  pressure  of  90-100  atmospheres. 
The  differences  in  the  deposits  as  obtained  in  air  at  ordinary  pres- 
sure and  under  the  hood,  were  0.00000  and  o.oooio  grams,  re- 
spectively. 

But  it  has  been  observed^  that  gases  dissolved  in  the  silver 
electrolyte  affect  the  amount  of  the  deposit.  The  result  here  re- 
ported may,  however,  be  reconciled  with  these  observations  if  it  is 
remembered  that  oxygen  and  carbon  dioxide  decrease  and  nitrogen 
increases  the  deposit.  Using  air  N,  therefore,  neutralizes  the  effect 
of  O  and  CO,. 

Effect  of  Temperature. 
In  testing  for  a  temperature  effect,  experience  suggested  a  form 
of   voltameter  much  more  convenient  for   the  purpose  than  the 
Rayleigh  form.     The  electrolyte  was  contained  in  a  glass  beaker 

*  Schuster  and  Crossley,  Proc.  Roy.  Soc. ,  40,  p.  344,  1892,  also  Meyers,  Wied.  Ann., 
55,  p.  288,  1895. 
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on  the  bottom  of  which  rested  the  silver  anode,  while  the  disk- 
form  kathode  was  suspended  horizontally  near  the  top  of  the  elec- 
trolyte, just  as  the  anode  ordinarily  is.  The  kathode  was  made  of 
platinum  wire  0.6  mm.  in  diameter,  wound  about  cross-arms  like 
the  bottom  of  a  basket  into  a  close,  flat  spiral  with  the  suspension 
wire  coming  out  from  the  center  perpendicular  to  the  plane  of  the 
spiral.  ( If  the  electrolyte  is  a  water  solution  a  disk  of  sheet  plati- 
num makes  a  good  kathode.)  The  current  was  led  down  to  the 
anode  by  a  plantinum  wire  passing  through  a  small  glass  tube.  In 
this  form  of  voltameter  no  filter  paper  wrapping  for  the  anode  is 
necessary,  and,  for  small  currents,  it  is  a  cheap  and  satisfactory  form 
in  practice. 

Here  again  the  two  voltameters  were  alike  and  were  placed  in 
series.  The  silver  nitrate  solution  in  one  was  boiled  and  then 
cooled  in  the  same  beaker  to  the  temperature  of  melting  ice,  and 
the  deposit  from  this  compared  with  that  obtained  from  a  solution 
maintained  at  about  po^C.  The  object  of  boiling  one  solution  and 
then  cooling  was  so  that  both  solutions  should  have  nearly  the 
same  degree  of  freedom  from  dissolved  gases. 

In  these  experiments  the  value  of  the  current  was  0.25-0.3 
ampfere,  and  the  area  of  each  kathode  about  1 3  sq.  cm.  The 
weights  of  deposits  from  five  consecutive  tests  follow : 

From  hot  solution,      0.79835      0.8434      0.82655      0.86470      0.85900 
From  cold  solution,    0.79820      0.8435      0.82655      0.86420      0.85900 


Difference,  0.00015  —0.0001  0.00050 

The  average  difference  in  these  deposits  is  again  within  the  limits 
of  experimental  error.  But  this  result  is  apparently  not  in  agree- 
ment with  that  of  four  observations  made  by  Rayleigh,  who  found 
a  difference  of  about  i  part  in  2.500  in  favor  of  the  deposit  from  a 
solution  at  50°  C.  as  compared  with  that  obtained  from  a  solution 
at  4*^  C;  but  it  is  in  agreement  with  the  result  of  two  observations 
made  by  Kahle.*  But  if  the  deposit  from  a  hot  solution,  or  from  a 
solution  previously  boiled  and  then  cooled,  was  compared  with  that 
obtained  from  a  cold,  unboiled  solution,  the  differences  were  irregu- 
lar, the  former  being  greater  than  the  latter  in  amounts  varying 

»Zeitschr.  fUr  Instr.,  8,  p.  229,  1898. 
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from  0.00-0.08  per  cent.  This  was  probably  due  to  the  expulsion 
of  oxygen  and  COj  from  the  hot  solution. 

It  is  possible  that  there  might  be  a  slight  increase  in  deposit  at 
higher  temperatures  which  was  not  revealed,  owing  to  some  of  the 
deposited  silver  having  been  dissolved  by  the  hpt  solution.  Kahle 
showed  that  hot  water  would  slightly  dissolve  the  deposited  silver. 
And  this  was  verified  by  the  writer  who  found  that  the  kathode  with 
its  coating  of  silver  lost  0.2  mg.  by  being  suspended  during  two 
hours  in  water  maintained  at  90 ^^  C.  Now,  it  may  be  that  at  the 
instant  of  deposition  the  silver  is  more  soluble  than  after  it  has  been 
washed  and  dried.  However,  an  increase  of  temperature  probably 
does  not  of  itself  increase  or  diminish  the  deposit,  as  will  more  fully 
appear  below. 

Though  the  deposits  from  cold  and  hot  solutions,  respectively, 
did  not  differ  in  amount,  they  did  differ  in  physical  appearance. 
Those  from  cold  solutions  were  always  fine  grained  and  snowy 
white,  while  those  from  hot  solutions  were  more  coarsely  granular 
with  a  tendency  towards  gray  in  color. 

In  a  further  search  for  a  temperature  effect,  the  deposit  from  a 
boiled  and  then  cooled  water  solution  was  compared  with  that 
obtained  from  fused  silver  nitrate.  The  results  of  the  last  seven 
experiments  are  here  given  : 

Temperature  of  AgNOs      ibcP  355^  %y:fi  n^  343*^  241°  343° 

Deposit  from  solution,    0.7224     .7307       .90250     .79955     .8511       .88965     .9068 
Deposit  from  fusion,       0.7230     .73075     .90285     .79955     .85115     .89080     .90665 

Difference,  .    0.0006     .00005     .00035  .00005     .00115    ToOOl5 

Though  these  results  show  a  difference  in  favor  of  the  deposit 
from  the  fusion,  yet  this  is  probably  accidental  and  due  to  some  par- 
ticles of  foreign  matter  that  were  not  washed  off;  for  there  was 
always  more  or  less  of  a  scum  floating  on  the  surface  of  the  fused 
silver  nitrate,  some  of  which  adhered  to  the  kathode  when  removed 
and  was  difficult  to  dislodge  completely. 

In  all  the  experiments  of  this  paper,  the  water  solutions  employed 
were  made  by  dissolving  c.  p.  silver  nitrate  in  distilled  water  in  the 
ratio  of  15  parts  to  85.  When  fresh,  these  solutions  were  all  neu- 
tral to  sensitive  litmus  paper.     Afler  each  experiment  the  solution 
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was  usually  poured  back  into  the  bottle  from  which  taken  through 
a  funnel  and  filter  paper ;  subsequently  it  was  taken  directly  from 
the  bottle  for  use. 

Effect  of  **Used"  Solutions. 

Two  different  series  of  tests  were  made  on  the  relative  deposits 
from  fresh  and  "used"  solutions.  The  voltameters  (Rayleigh 
form)  consisted  of  two  platinum  dishes  7  cm.  diameter,  with  round 
silver  discs  4  cm.  by  2  mm.  The  first  "  used  "  solution  tested  was 
made  November  27th,  its  volume  was  300  c.c,  and  from  it  about 
52  grams  of  silver  had  been  deposited  when  this  series  began,  Jan- 
uary 1 6th.  Five  tests  were  made  and  69  grams  of  silver  had  been 
deposited  from  the  solution  when  the  last  test  began.  The  deposits 
in  different  tests  varied  in  amount  from  1.5  gr.  to  2.26  gr.  and  the 
current  from  0.77  amp.  to  i.o  amp.  The  result  of  the  five  closely 
agreeing  measurements  gave  an  average  deposit  from  the  old  solu- 
tion greater  than  that  from  the  fresh  by  i  part  in  1 1600. 

More  than  two  months  later  another  series  of  tests  on  this  point 
was  made,  the  old  solution  in  the  meantime  having  been  used  a  great 
many  times,  portions  of  it  repeatedly  boiled,  and  about  55  grams 
more  of  silver  deposited  from  it  In  this  series  the  deposit  from 
the  old  solution  was  compared  with  that  from  two  different  fresh 
solutions  and  was  greater  in  amount  by  about  i  part  in  1700. 
Moreover,  this  was  a  percentage  increase  as  was  proved  by  currents 
of  different  intensities  and  deposits  of  different  amounts.  But  in 
every  case  in  both  these  series  of  tests,  the  deposit  from  the  fresh 
solution  was  more  coarsely  crystalline  (varying  from  slightly  to  de- 
cidedly) and  slightly  less  white  in  color  than  that  from  the  old  so- 
lution— just  the  opposite  of  what  Kahle  observed.  Furthermore,  a 
test  at  the  conclusion  of  the  work  with  litmus  paper  and  with  litmus 
solution  failed  to  show,  with  certainty,  any  acidity  in  either  the  fresh 
or  **  used  "  solutions.  This  again  is  not  in  agreement  with  Kahle's 
observations.  But  Prof.  Morse,  of  the  Chemical  Department  of 
Johns  Hopkins  University,  who  was  kind  enough  to  make  acidity 
tests  for  me,  gave  it  as  his  opinion  that  the  solutions  were  about 
neutral. 

Possibly  the  boiling  to   which  the  old  solution  had  been  repeat- 
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edly  subjected  prevented  it  from  becoming  acid.  This  explanation 
issuggestedby the  fact  that  another  solution,  made  some  months  later, 
became  slightly  acid  on  repeated  use  without  boiling.  This  latter 
solution  would  turn  sensitive  litmus  paper,  but  still  it  was  not  acid 
enough  to  prevent  the  permanent  existence  of  a  precipitate  in  100  c.c. 
of  the  solution,  due  to  the  addition  of  -^-^  c.c.  of  tenth  normal  sodium 
hydroxide.  This  solution,  therefore,  was  decidedly  less  acid  than 
Kahle's,  but  perhaps  it  had  not  been  used  so  much,  for  only  about 
42  grams  had  been  deposited  from  the  whole  volume  amounting  to 
600  c.c.  But  the  solution  was  five  months  old  when  the  acidity 
tests  were  made.  Age  alone,  however,  did  not  render  it  acid  for  a 
solution  equally  old,  but  unused,  was  perfectly  neutral. 

The  increase  in  deposit  from  "  used"  solutions  must  be  due  to 
some  reduction  of  the  valence  of  the  silver  in  the  electrolyte. 
Whether  this  reduction  is  due  to  the  passage  of  a  current,  to  light 
and  age,  to  age  alone,  or  to  all  combined  is  a  question  which  it  is 
proposed  to  submit  to  the  test  of  experiment. 

Size  of  Anodes. 

If,  within  ordinary  limits,  the  relative  size  of  anodes  exercises  any 
measurable  influence  it  is  important  to  establish  this  fact.  It  has 
been  observed  that  larger  deposits  are  often  obtained  in  a  large  plati- 
num dish  than  in  a  smaller  one  in  series  with  the  larger  one. 
Schuster  and  Crossley  expressed  the  opinion  that  this  is  due  to  the 
larger  anode  usually  accompanying  the  larger  dish. 

To  test  this  matter,  the  writer  employed  anodes  of  various  sizes. 
At  first  two  platinum  dishes,  each  7  cm.  in  diameter,  were  used,  and 
the  standard  anode  was  a  silver  disc  4J^  cms.  by  3  mm.  Two 
sizes  of  comparison  anodes  were  tried  one  3  cm.  by  3  mm.,  and  the 
other  1.8  cms.  by  3  mm.  The  relative  position  of  the  anodes  with 
respect  to  the  battery  was  kept  the  same,  but  the  position  of  the  two 
bowls  was  alternated  in  each  succeeding  experiment.  Thus  the 
standard  anode  was  alternately  in  each  bowl,  or  dish. 

Seven  consecutive  experiments  with  currents  from  0.5—0.6  amp. 
and  deposits  of  about  1.2  grams  each  led  to  the  belief  that  there 
was  no  measurable  effect  due  to  the  relative  size  of  the  anodes 
under  the  conditions  of  these  tests.     An   unexpected  result,  how- 
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ever,  appeared.  In  only  one  out  of  the  seven  tests  were  the  de- 
posits equal  in  amount.  In  the  other  six  the  deposit  in  one  dish 
was  larger  than  that  in  the  other.  But  one  dish  was  new  and  had 
a  bright  inner  surface,  whereas  the  other  dish  was  old,  its  inner  sur- 
face dull  and  scoured.  In  the  six  experiments  there  was  deposited 
in  the  new  dish  a  total  of  7.1956  grams  of  silver  and  in  the  old  one 
7.19705  grams,  which  is  i  part  in  5<X)0  greater  than  the  other. 
Now  this  difference  could  not  be  due  to  any  relative  error  in  the 
weights  used  to  compare  the  deposits,  for,  in  order  to  avoid  this  and 
obviate  the  necessity  of  making  tedious  corrections,  the  two  dishes, 
by  filing  their  edges,  had  previously  been  made  very  nearly  equal 
in  weight.  Thus  the  bowls  and  their  deposits  were  weighed  with 
the  same  masses,  respectively.  These  results  seem  to  show,  as 
Kahle  has  already  observed,  that  the  amount  of  the  deposit  is 
slightly  dependent  upon  the  nature  of  the  surface  receiving  the  de- 
posit. 

To  test  further  for  an  anode  effect,  two  platinum  bowls,  or  dishes, 
each  9  cms.  in  diameter,  the  inner  surfaces  of  which  had  been 
scoured,  were  used  at  kathodes,  and  the  dimensions  of  the  standard 
anode  were  6  cms.  by  2  mm.  The  comparison  anode  in  the  be- 
ginning was  1.8  cms.  by  3  mm.,  but  these  dimensions  of  the  small 
disc  grew  rapidly  less,  so  that,  at  the  end  of  the  fourth  test,  the  disc 
had  been  almost  consumed,  it  weighing  less  than  i  gram. 

The  data  follow : 

No.  test.                                      z  a                    3  4 

Amps.,                                     0.5  0.52             1.0  1.0 

From  large  anode,  1.2303  1.0582  1.1592  1.1538 

From  small  anode,  1.2304  1.0582  1.1591  1.1536 


Difference,  —0.0001  0.0001        0.0002 

These  results  seem  to  show  that  the  relative  size  of  the  anodes, 
except  possibly  in  extreme  cases,  has  no  appreciable  influence. 

Another  point,  tested  by  several  experiments,  was  whether  or  not 
the  filter  paper  wrapped  about  the  anode  in  the  Rayleigh  form  of 
the  voltameter  has  any  influence  on  the  deposit.  For  this  purpose  a 
voltameter  of  the  form  previously  used  in  the  temperature  exper- 
iments was  connected  in  series  with  one  of  the  Rayleigh  form.  J. 
H.  Munktell's  Swedish  filter  paper  was  used  to  wrap  the  anode. 
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It  was  found  that  the  deposits  were  either  the  same  in   amount  or 
their  difference  was  within  0.2  mg. 

The  silver  nitrate  and  anodes  used  in  this  work  were  obtained  as 
c.  p.  from  Eimer  and  Amend,  New  York. 

The  work  was  mostly  done  in  the  Physical   Laboratory  of  the 
Johns  Hopkins  University,  and  the  writer  is  indebted  to  the  Direc- 
tors of  that  Laboratory  for  valuable  advice  and  assistance. 
University  of  Utah,  Salt  Lake  City. 
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A   LECTURE    DEMONSTRATION    IN   WAVE    MOTION.' 

By  Will  C.  Baker. 

THE  following  is  a  description  of  a  set  of  simple  lecture  demon- 
strations of  the  main  phenomena  of  wave  motion  that  have 
proved  of  great  assistance  to  the  writer  in  the  past  few  years.  As 
no  description  of  them  has  been  found  in  text-books  or  magazines, 
they  are  communicated  in  order  that  they  may  be  of  use  to  others. 
The  experiments  cover  the  same  ground  as  the  beautiful  work  of 
Vincent^  and  Wood,^  but  are  adapted  to  lecture  demonstration. 
The  dimensions  given  are  of  small  importance,  but  will  serve  to 
give  an  idea  of  the  scale  of  the  experiments. 

A  mercury  tray — 72  X  55  X  7  centimeters — whose  smooth  bot- 
tom is  painted  white,  is  filled  to  a  depth  of  about  half  a  centimeter 
with  water,  slightly  blackened  with  ink.  The  proportion  of  ink  to 
water  will,  of  course,  vary  with  the  ink  used,  but  the  bottom  of 
the  tray  must  be  clearly  visible  through  the  layer  of  fluid  at  rest. 
If  now  a  beaker  or  other  vessel  of  eight  to  ten  centimeters  diameter 
be  placed  in  the  tray  a  circular  wave  will  be  set  up  that  will  spread 
in  all  directions.  The  motion  of  this  wave  can  be  clearly  followed 
as,  the  thickness  of  the  fluid  at  the  crest  of  the  wave  being  much 
greater  than  at  the  trough,  the  appearance  is  that  of  a  dark  band 
travelling  over  a  lighter  background.  The  removal  of  the  beaker 
gives  a  second  wave  ;  so,  if  the  beaker  be  kept  moving  with  a 
period  of  one  or  two  seconds,  a  train  of  waves  of  period  one-half 
to  one  second  is  produced. 

It  has  been  found  best  in  lecturing  to  use  either  single  waves  or 
trains  of  not  more  than  two  or  three,  to  avoid  the  interference 
effects  after  reflection  at  the  sides. 

Let  a  circular  wave  be  set  up  as  described.  It  travels  across  the 
tray  at  from  fifteen   to  twenty-five  centimeters  per  second  and  its 

»Phil.  Mag.,  June,  1897;  Feb.,  1898;  Sept.,  1898;  Oct.,  1899. 
«Phil.  Mag.,  Aug..  1899. 
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reflection  and  the  growth  of  the  reflected  wave  at  the  sides  of  the 
tray  can  be  easily  followed  on  account  of  its  slow  motion.  If  a 
block  of  wood,  say  50x3  centimeters  by  any  thickness,  be  substi- 
tuted for  the  beaker,  a  sufficiently  good  representation  of  a  plane 
wave  is  obtained.  Attempts  have  been  made  to  eliminate  the  cir- 
cular portions  set  up  by  the  ends,  by  confining  the  disturbance  be- 
tween parallel  guides,  but  the  gain  is  so  slight  as  not  to  warrant 
the  loss  in  simplicity.  With  waves  of  this  nature  reflection  of 
plane  waves  may  be  easily  shown. 

A  semicircular  portion  of  barrel  hoop  placed  at  one  end  of  the 
tray  forms  a  reflector  illustrating  convex  and  concave  mirrors.  A 
plane  wave  sent  into  its  concave  side  converges  to  a  focus,  or  a  circular 
wave  set  up  in  its  focus  changes  after  reflection  to  a  plane  wave  in 
a  manner  beautiful  to  see.  Circular  waves  after  reflection  proceed 
to  the  conjugate  focus.  These  actions  are  best  followed,  especially 
by  the  class,  when  single  waves  are  used. 

Refraction  phenomena  are  shown  as  follows  :  A  piece  of  window 
glass,  say  60  x  1 2  centimeters,  is  placed  about  one  millimeter  be- 
neath the  surface  of  the  fluid  and  parallel  thereto,  care  being  taken 
that  its  surface  is  thoroughly  wet.  The  waves  will  travel  more 
slowly  over  this  shoal  part  than  they  will  over  the  deeper  parts  of 
their  path.  Circular  waves  in  passing  over  this,  decrease  in  curva- 
ture and  have  a  shorter  wave-length  (for  trains  of  waves)  than  over 
the  deep  part,  and  in  passing  off  again  increase  the  curvature  and 
lengthen  out,  as  described  in  the  laws  of  refraction  ;  the  displace- 
ment of  the  apparent  center  being  clearly  seen.  Plane  waves,  as 
described  above,  at  oblique  incidences  (say  60°)  are  refracted  in 
passing  onto  the  shoal,  in  a  very  marked  manner. 

A  triangular  piece  of  glass,  of  say  20  or  21  centimeter  sides,  with 
stops  from  its  vertices  to  the  sides  of  the  tray  to  prevent  disturb- 
ance from  other  parts  of  the  wave  front,  enables  us  to  show  dis- 
placement of  the  image  as  with  a  prism  ;  the  depth  of  the  fluid  over 
the  glass  regulating  the  retardation  of  the  wave. 

A  circular  or  lenticular  piece  of  glass,  immersed  at  a  suitable 
depth  permits  us  to  watch  the  changes  in  curvature  of  the  wave 
front  at  the  various  surfaces  and  its  final  convergence  to  a  focus  as 
in  a  lens.     As  the  best  results  are  obtained   with  a  comparatively 


Digitized  by 


GoogI( 


No.  3.]  WA  VE  MOTION.  I  77 

small  retardation  a  circular  or  nearly  circular  sheet  of  glass  of  say 
20  centimeters  diameter  is  used. 

Huyghen's  principle  may  also  be  illustrated  by  placing  across  the 
tray  a  stop  having  a  gap  of  about  one  centimeter  at  its  center.  Any 
wave  striking  on  one  side  of  this  is  reflected  except  at  the  gap, 
which  becomes  the  source  of  a  circular  wave  proceeding  into  the 
smooth  water  beyond. 

The  diffraction  or  bending  of  waves  around  obstacles  can  be  easily 
shown. 

To  obtain  good  results  the  tray  bottom  must  be  smooth,  of  a 
light  color  and  must  be  parallel  with  the  water  surface.  Single 
waves  permit  the  class  to  follow  each  one  through  its  changes,  ex- 
cept, of  course,  where  one  is  dealing  with  changes  of  wave-length 
when  trains,  must  be  used. 

As  waves,  and  not  ripples,  are  used  any  lecture  table  is  steady 
enough  for  the  demonstration. 

It  may  be  necessary  to  draw  attention  to  the  fact  that  in  all  the 
foregoing  we  are  dealing  with  waves  passing  over  surfaces  and  not 
through  media  but  the  mechanism  of  the  actions  are  similar,  if  not 
the  same,  in  the  two  cases. 

The  claim  is  made  that  this  method  permits  the  class  to  obtain 
vivid  ideas  of  the  transformation  of  waves  under  the  conditions 
dealt  with,  and  that  **  retardation  "  and  the  various  other  terms  ap- 
plied to  wave  phenomena  tend  to  take  on  clear  meanings. 

Physical  Laboratory,  Queen's  University,  Kingston,  Ont., 
January  15, 1900. 
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AN  APPARATUS  FOR  THE  DETERMINATION  OF  THE 

COEFFICIENT  OF  EXPANSION  OF  AIR  AT 

CONSTANT  PRESSURE. 

By  C.  F.  Adams. 

THE  determination  of  the  coefficient  of  expansion  of  air  is  a 
problem  eminently  suited  to  the  physical  laboratory  of  the 
secondary  school,  but  no  apparatus  that  has  hitherto  been  recom- 
mended for  it  is  capable  of  giving  accurate  results  even  in  expert 
hands,  much  less  in  the  hands  of  a  high  school  pupil.  The 
practice  of  allowing  pupils  to  use  apparatus  and  methods  that  at 
best  can  give  only  very  rough  approximations  to  the  truth  is 
prejudicial  to  the  cause  of  science  and  injurious  to  the  pupil ;  and 
yet  a  great  deal  of  the  so-called  quantitative  work  in  our  schools  is 
of  such  a  character.  Much  of  the  apparatus  that  has  been 
prominently  recommended  for  this  work  is  so  crude  that  in  the 
hands  of  pupils  unaided  the  results  obtained  are  almost  meaningless, 
and  such  apparatus  placed  in  the  hands  of  the  instructor  often  re- 
quires an  expenditure  of  time  and  effort  highly  impracticable  and 
after  all  without  any  adequate  return  for  the  outlay. 

The  apparatus  here  described,  it  is  believed,  is  not  open  to  these 
objections.  It  is  the  result  of  a  long  series  of  experiments  by  Mr. 
N.  H.  Williams,  of  the  Detroit  Central  High  School,  with  a 
variety  of  devices  in  most  of  which  he  attempted  to  use  mercury 
as  a  valve  to  enclose  the  air,  and  in  which  he  failed  to  secure  ac- 
curate results  because  of  trouble  with  moisture. 

AFH  is  a  glass  tube  about  80  cm.  long  and  3  or  4  millimeters 
internal  diameter.  It  is  closed  at  D  by  a  piece  of  glass  rod  fused 
in.  The  bend  of  the  tube  contains  sulphuric  acid  to  a  depth  of 
about  10  centimeters.  BB  diVxA  CC  are  strips  of  thin  brass  bent 
around  the  two  legs  of  the  tube.  CC  can  be  slid  up  and  down  by 
the  wire  R,  while  BB  serves  merely  as  a  guide  and  support  for  the 
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wire.  T'  is  a  glass  tube  whose  external  diameter  is  slightly  less 
than  the  internal  diameter  of  AFH  so  that  it  will  slide  easily  into 
the  tube  A  but  fitting  so  closely  that  it  will  remain  at  any 
desired  position.  This  tube  T  serves  as  a  plunger  in  the 
acid  by  which  the  surface  of  the  acid  at  E  can  be  adjusted 
to  the  same  level  as  the  acid  at  5. 

The  apparatus  is  first  placed  in  a  deep  cylinder  of  cold 
water,  a  thermometer  being  supported  beside  it.  By 
means  of  the  wire  R  and  the  tube  T  the  upper  edge  of  CC 
and  the  acid  at -fare  adjusted  to  the  level  of  the  acid  at  5. 
It  is  then  taken  out  of  the  water  and  the  distance  from  the 
edge  of  CC  to  D  is  measured  by  the  mirror  scale  of  a 
Jolly  balance.  It  is  then  placed  in  warm  water  and  the 
adjustments  and  measurement  repeated.  The  apparatus 
has  been  used  with  temperatures  between  10°  and  50^ 
C.  Care  must  be  taken  of  course  to  stir  the  water  so 
that  the  temperature  at  top  and  bottom  of  the  cylinder 
shall  be  the  same.  The  coefficient  of  expansion  is  ob- 
tained by  the  formula 


^\U  -  Vi 


Cb 


\l 


Sj 
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Sulphuric  acid  is  used  instead  of  mercury  because  with 
the  latter  it  was  found  impossible  to  avoid  trouble  with  moisture. 
The  vapor  tension  of  the  acid  at  the  temperatures  at  which  the  appa- 
ratus has  been  used  is  so  small  that  it  can  be  disregarded.  The 
apparatus  is  extremely  simple  and  inexpensive  and  such  that  it  can 
be  manipulated  successfully  by  high  school  pupils.  The  following 
are  the  results  obtained  by  one  of  our  laboratory  sections  :  0.00342, 
0.00360,  0.00368,  0.00357,  0.00368,  0.00370,  0.00376.  Another 
section  reported  the  following  results  at  the  close  of  the  laboratory 
session:  0.00363,  0.00364,0.00369,  0.00368,  0.00364,  0.00371, 
0.00351,  0.00366.  Indeed  the  accuracy  of  the  results  is  such  that 
it  would  seem  that  in  the  hands  of  more  advanced  students  the  ap- 
paratus would  give  results  in  which  the  expansion  of  the  glass 
could  be  taken  into  consideration. 

DiTROiT  Central  High  School,  December  19,  1899. 
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ON  THE  CHANGE  IN  LENGTH  OF  SOFT  IRON  IN  AN 
ALTERNATING  MAGNETIC  FIELD. 

By  Louis  W.  Austin. 

WHILE  doing  some  work  with  one  of  my  students  on  the 
change  of  length  of  iron  due  to  magnetism,  it  occurred 
to  me  that  there  must  be  a  similar  effect  in  an  alternating  field,  but 
perhaps  modified  in  amount  or  character  by  the  more  or  less  rapid 
alternations.  If  the  change  in  length  requires  an  appreciable  time 
for  its  completion,  such  modifications,  it  would  seem  must  exist, 
and  the  probability  of  this  seemed  to  me  great  enough  to  make  it 
worth  while  to  investigate  the  subject  experimentally. 

The  instrument  used  in  the  investigation  is  based  on  an  old  prin- 
ciple long  used  in  the  lecture  room  to  show  qualitatively  the  ex- 
pansion of  solids  due  to  heat.  In  its  original  form  it  consisted  of 
a  small  roller  placed  under  one  end  of  a  bar,  which  was  held  fast  at 
the  other  end.  When  the  bar  was  heated  it  expanded  the  roller 
rolled  and  by  the  movement  of  a  pointer  or  small  mirror  attached 
to  it  showed  to  the  class  the  expansion  of  the  bar.  In  the  improved 
form  the  horizontal  roller  is  replaced  by  a  vertical  hanging  fiber  or 
fine  wire  which  is  held  between  vertical  plates  of  plate  glass  about 
2  cm.  square,  so  that  it  is  rolled  when  one  of  the  plates  is  moved 
just  as  one  might  roll  a  thread  between  the  thumb  and  finger. 
Below  the  plates  a  larger  glass  fiber  of  sufficient  rigidity  is  attached 
to  the  rolling  fiber  and  this  bears  a  mirror  and  water  damper.  A 
second  rolling  fiber  is  hung  between  the  plates  at  a  little  distance 
from  the  first  in  order  to  keep  the  surfaces  apart  to  prevent  friction. 
In  the  first  form  of  instrument  made  and  the  one  used  in  this  work 
the  fixed  plate  was  cemented  to  a  block  of  wood  and  the  movable 
plate  against  which  the  iron  rested  was  pressed  against  it  by  means 
of  a  rubber  band.  With  this  arrangement  I  have  been  able  to  get 
results  with  a  glass  fiber  o.oi  mm.  in  diameter,  but  in  general  fibers 


Digitized  by 


GoogI( 


No.  3.]  SOFT  IRON  IN  AN  A  L  TERN  A  TING  FIE  LD.  1  8 1 

as  small  as  this  are  extremely  difficult  to  adjust  and  are  very  apt  to 
break  between  glass  surfaces.  I  am  now  experimenting  with  other 
surfaces  in  the  hope  of  getting  better  friction  contact  and  less  trouble 
in  adjustment.  I  hope  soon  to  be  able  to  communicate  a  paper  on 
this  work. 

Most  of  the  observations  recorded  in  the  present  paper  were 
taken  with  a  glass  fiber  about  0.06  mm.  in  diameter,  though  for  a 
few  of  the  later  ones  a  fine  wire  was  used.  The  latter  observations 
being  reduced  to  the  scale  of  the  former  on  the  supposition  that  the 
maximum  elongation  with  direct  current  was  the  same  in  both  cases. 
Each  of  the  observations  given  in  the  tables  is  the  mean  of  from  six 
to  twelve  observed  throws  and  the  good  behavior  of  the  instrument 
may  be  judged  from  the  fact  that  in  none  of  the  series  used,  except 
in  the  case  of  frequencies  greater  than  sixty  per  sec,  did  any  of  the 
single  observations  differ  by  more  than  two  per  cent,  from  the  mean. 
The  absolute  calibration  was  made  rather  roughly  by  noting  the 
distance  the  cross  hair  of  the  telescope  appeared  to  move  on  a  scale 
half  a  meter  away  when  the  moving  plate  was  pushed  forward  by  a 
fine  micrometer  screw. 

The  preliminary  observations  on  the  change  of  length  in  an  al- 
ternating field  were  made  on  a  soft  iron  bar  26  cm.  long  and  0.7 
cm.  in  diameter,  the  same  one  with  which  I  had  been  working  with  a 
direct  field.  The  source  of  current  was  the  city  incandescent  light- 
ing circuit  having  a  frequency  of  1 20  per  sec.  by  day  and  60  per 
sec.  by  night.  I  found  that  the  curves  showing  the  relation  be- 
tween change  of  length  and  strength  of  field  were  similar  in  form 
for  the  alternating  and  direct  currents,  but  that  the  maximum  in 
the  case  of  the  alternating  field  fell  some  ten  or  fifteen  per  cent,  be- 
low that  produced  by  direct  field,  and  that  this  decrease  was  greater 
with  the  frequency  1 20  than  with  60  per  sec. 

These  experiments  were  rendered  difficult  by  the  large  heat  ex- 
pansion produced  by  the  Foucault  currents  and  hysteresis  which  of 
course  made  accurate  observation  somewhat  uncertain.  I  have 
thus  far  found  no  remedy  for  the  latter  difficulty,  but  have  rid  my- 
self of  the  former  for  the  most  part  by  replacing  the  solid  iron  bar 
by  a  bundle  of  wires  of  soft  Swedish  iron  firmly  bound  together 
and  insulated  with  varnish.     The  observations  given  in   this  paper 
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were  taken  with  such  a  bundle  consisting  of  ten  wires  27.5  cm. 
long  and  1.4  mm.  in  diameter.  The  magnetizing  solenoid  was  24 
cm.  long  with  12  turns  per  cm.  The  dilatometer  with  the  fiber 
used  (about  0.06  mm.)  gave  a  magnification  of  about  127000  times 
with  the  scale  360  cm.  distant.  This  gave  a  maximum  reading  of 
14.5  cm.  on  the  scale  with  direct  field. 

With  apparatus  kindly  placed  at  my  disposal  by  the  department 
of  electrical  engineering  ^  I  was  able  to  work  with  currents  varying 
in  frequency  from  10  to  131  per  sec.  The  values  of //varied  from 
7.5  to  375,  approximately,  no  correction  being  made  for  the  influ- 
ence of  the  ends  of  the  solenoid.  The  larger  value  was  a  little 
more  than  enough  to  bring  the  iron  back  to  its  original  length. 
With  the  stronger  fields,  especially  with  the  higher  frequencies,  the 
heat  due  to  hysteresis  rendered  the  observations  somewhat  uncer- 
tain. I  have  been  able,  however,  within  the  limits  of  field  and  fre- 
quency used,  to  get  very  consistent  results  by  taking  the  readings 
by  breaking  the  circuit  and  noting  the  distance  the  cross  hair  ap- 
peared to  spring  back  on  the  scale.  This  motion  is  so  sudden  and 
so  dead-beat  that  I  do  not  think  any  larger  error  is  introduced  by 
the  heat  drift.  Thinking  that  the  water  damper  might  influence 
readings  taken  in  this  way,  several  observations  were  taken  without 
it,  but  no  change  in  the  throws  could  be  detected. 

In  Table.  I  are  given  the  changes  in  length  expressed  in  ten -mil- 


Table  I. 

zo                        30 

H 

1         Direct 

60 

IM 

j      Current. 

per  tec. 

per  tec. 

2.2 

per  tec. 

per  tec. 

7.5 

1.7 

2.2 

\ 

IS.O 

9.0 

13.2 

13.2 

14.4 

13.2 

30.0 

29.5 

32.4 

29.0 

25.8 

24.5 

4S.0 

38.5 

34.5 

35.0 

31.0 

29.4 

7S.0 

41.5 

39.8 

36.6 

1         34.1 

31.0 

150.0 

30.1 

28.0 

27.0 

225.0 

20.2 

18.3 

300.0 

8.0 

375.0 

-2.J8 

-4.0? 

1 

>  My  special  thanks  are  due  to  Mr.  M.  C.  Beebe,  instructor  in  electrical  engineering, 
for  his  kindness  in  managing  the  electrical  machinery  used. 
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lionths  of  the  length  for  direct  current  and  for  currents  with  al- 
ternations of  ID,  30,  60  and  120  per  sec,  the  strength  of  field 
varying  from  7.5  to  375  C.  G.  S.  The  maximum  comes  at  a  value 
of  //"of  about  75  in  all  the  series,  and  the  general  course  of  the 
phenomenon  is  similar  in  all.  With  the  lower  values  of  H  the 
elongations  seem  to  increase  more  rapidly  with  the  alternating  cur- 
rents than  with  the  direct.  This  is  perhaps  due  to  the  fact  that 
the  currents  were  read  with  an  ammeter  which  indicated  the  square 
root  of  the  mean  square  of  current  strength,  which  is  very  probably 
less  than  the  effective  strength  of  the  alternating  currents   in  this 


Fig.  1. 

phenomenon.  With  all  values  of  H  above  1 5  the  alternating  cur- 
rent elongations  fall  below  those  with  direct  current.  The  curves  of 
Fig.  I  show  these  relations  graphically  for  direct  current  and  fre- 
quencies of  60  and  1 20. 


Table  II. 

Maxim,  expansion.             Pn 
41.5 

Frequencies. 

equencies. 
66  per  sec. 

Maxim,  expansion 

Direct  current 

33.2 

10  per  sec. 

39.8 
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81 

32.2 

16 

39.6 

'1 

99 

31.5 

30 

36.6 
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120 

31.0 

40 

35.2 

131 

30.7 

60 

34.0 
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Table  II.  gives  the  maxiinum  elongation  corresponding  to  differ- 
ent frequencies.  A  steady  drop  is  noted  as  the  frequencies  become 
higher,  which  becomes  less  marked  toward  the  end.  Fig.  2,  with 
its  rather  flat  approximately  exponential  curve,  shows  the  character 
of  the  change  much  better  than  the  table  can  do. 
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Fig.  2. 

An  attempt  was  made  at  one  time  to  use  the  secondary  currents 
of  a  transformer  having  a  Wehnelt  interrupter  in  the  primary.  The 
frequency  as  estimated  from  the  pitch  was  about  800  per  sec. 
The  heating  effects  were  so  great,  however,  that  no  readings  of 
value  could  be  taken,  the  scale  going  by  the  eye  far  too  rapidly  to 
be  read.  The  maximum  certainly  fell,  much  below  any  of  the  values 
given  in  the  table  and  was  estimated  to  be  about  half  that  found 
with  the  frequency  of  131.  The  results  of  the  investigation  maybe 
briefly  stated  as  follows  : 

1.  The  general  course  of  the  change  in  length  of  soft  iron  in  an 
alternating  magnetic  field  is  the  same  as  in  the  direct  field. 

2.  For  all  values  of  H  above  25,  and  at  least  as  high  as  375, 
the  length  of  the  soft-iron  specimen  is  less  with  an  alternating  than 
with  a  direct  field. 

3.  The  maximum  elongation  gradually  becomes  less  as  the  fre- 
quency of  the  alternations  is  increased. 
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This  continued  decrease  of  the  maximum  elongation  with  increas- 
ing frequency  is  perhaps  the  most  interesting  fact  broug^  out.  It  ap- 
pears as  though  there  were  an  appreciable  viscosity^  in  the  molecu- 
lar movements  depending  on  the  rapidity  of  the  alterations.  The 
last  two  results  may,  it  seems  to  me,  have  a  connection  with  the  ob- 
servations of  several  physicists^  on  the  decrease  of  permeability  of  iron 
when  subjected  to  rapid  magnetic  reversals.  The  recent  work  of 
Niethammer^  and  of  Wien*  on  this  subject  also  shows  a  correspond- 
ence with  the  third  result,  Niethammer  finding  a  percentage  decrease 
in  permeability  with  increasing  frequency,  agreeing  fairly  closely 
numerically  with  the  results  in  this  paper.  Wien's  percentage  of 
decrease  is  considerably  smaller.  It  can  hardly  be  said,  however, 
that  the  decrease  in  the  maximum  expansion  is  due  merely  to  de- 
creased induction,  since  if  this  were  so  it  would  seem  that  an 
increase  of  the  field  should  raise  the  induction  so  as  to  produce  the 
same  maximum  elongation  as  before,  the  only  result  being  to  make 
the  maximum  correspond  to  a  slightly  greater  value  of  H,  Since 
this  is  not  the  case  the  decreased  maximum  elongation  cannot  be 
considered  a  direct  result  of  the  decreased  permeability,  but  their 
quantitatively  similar  decrease  would  indicate  that  they  both  may 
follow  from  the  same  molecular  causes. 

Exactly  what  course  the  elongation  curves  take  with  higher  values 
of  H,  I  have  not  been  able  to  discover  on  account  of  the  heating 
disturbances.  The  observations  merely  indicate  that  with  the  alter- 
nating current  the  iron  is  brought  back  to  its  initial  length  at  a  lower 

I  Since  the  completion  of  this  work  I  have  come  across  the  observations  of  A.  M. 
Mayer  (Phil.  Mag.,  1873,  Vol.  46,  p.  177)  on  the  time  required  for  the  full  magnetic 
expansion  to  take  place.  These  are  the  only  observations  made  up  to  this  time,  so  far  as 
I  am  aware,  that  bear  on  the  time  factor  in  this  phenomenon.  He  found  that  with  his 
strongest  current  (25  Bunsen  cells)  ^^  second  was  required  for  the  expansion  and  ^^  sec- 
ond for  the  corresponding  retraction.  While  these  estimates  are  certainly  rough,  they 
indicate  the  presence  of  the  same  appreciable  viscosity  which  shows  itself  in  the  alternat- 
ing field. 

«  Warburg  and  HSnig,  Wied.  Ann.,  Vol.  20,  1883,  p.  814. 
Tanakadate,  Phil.  Mag.,  Vol.  28,  1889,  p.  207. 

Klemencic^  Sitzungsber.  d.  k.  Gesellsch.  d.  Wissench.  zu  Wien,  Vol.  103,  p.  17, 
l«94. 

Weihe,  Wied.  Ann.,  Vol.  61,  1897,  p.  578. 

*  Niethammer,  Wied.  Ann.,  Vol.  66,  1898,  p.  29. 

*M.  Wien,  Wied.  Ann.,  Vol.  66,  1898,  p.  859. 
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value  of  H  than  with  the  continuous  current  Of  the  course  of  the 
phenomenon  beyond  this  point  I  can  say  nothing,  but  I  hope  in  the 
near  future  to  overcome  the  difficulties  which  have  restricted  the 
scope  of  the  work  and  to  investigate  the  effects  both  of  stronger 
fields  and  higher  frequencies. 

Physical  Laboratory  of  the  University  of  Wisconsin,  January  lo,  1900. 
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NEW  BOOKS. 

A  Text' Book  of  Physics.     By  G.  A.  Wentworth  and  G.  A.  Hill. 
Pp.  440+ vii.     Ginn  &  Co.,  Boston.     1898. 

The  book  before  us  is  a  disappointment.  The  authors  have  won  'an 
enviable  reputation  as  writers  of  mathematical  text-books,  but  in  this  book 
they  show  most  convincingly  that  they  are  treading  upon  unfamiliar  terri- 
tory. True,  there  are  many  points  about  the  book  that  deserve  praise, 
and  in  the  hands  of  a  teacher  who  is  a  trained  physicist  the  book  may 
be  useful ;  but  to  those  who  are  only  slightly  acquainted  with  the  sub- 
ject, and  these  are  the  ones  who  will  use  the  book  most,  it  will  be  an  un- 
safe guide.  Errors  for  which  it  is  difficult  to  find  any  excuse  are  un- 
pleasantly frequent.  A  partial  list  of  these  has  been  prepared  by  the 
publishers,  and  is  now  sent  with  the  book.  Since  this  review  must  be 
brief  a  complete  analysis  of  the  book  cannot  be  given,  and  the  reviewer 
must  content  himself  with  giving  a  few  of  the  reasons  which  have  led 
him  to  the  conviction  that  the  book  is  an  undesirable  addition  to  our  list 
of  text-books. 

On  p.  19  we  find  the  venerable  fable  that  "  Whatever  the  nature  of 
the  body  or  the  kind  of  strain,  the  following  simple  law  holds  true  :  Up 
to  the  elastic  limit  strain  varies  directly  as  stress.''  That  this  may  be 
branded  on  the  memory  of  the  pupil  the  same  statement  is  repeated 
further  on  and  three  illustrative  problems  are  given.  But  the  fact  is,  as 
most  physicists  know,  that  this  law  of  Hooke  has  been  shown  to  be  only 
a  rough  approximation. 

In  the  chapter  on  heat  among  other  minor  errors  is  the  statement, 
twice  repeated  on  p.  102,  that  ''the  coefficient  of  expansion  of  all  gases 
is  equal  to  .00366  "  when  even  elementary  books  on  the  subject  show  that 
the  coefficients  for  different  gases  lie  all  along  the  way  from  the  value 
named  up  to  about  .00390. 

In  the  discussion  of  the  steam  engine  we  find  this  statement  regarding 
Carnot's  principle :  **  A  denial  of  its  truth  would  lead  to  the  absurd  con- 
clusion that  energy  can  be  created  out  of  nothing.''  It  leads  to  nothing 
of  the  sort.  The  law  of  the  conservation  of  energy  is  no  more  affected 
by  Camot's  principle  than  is  the  law  of  Moses,  as  was  shown  by  Maxwell 
a  generation  ago.  The  authors  state  that  our  best  engines  **  never  have 
a  greater  efficiency  than  ^."     Ewing  begs  to  differ. 
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In  the  treatment  of  electricity  and  magnetism  the  authors  follow  the 
beaten  track  of  a  generation  ago,  and  the  student  finishes  this  portion  of 
the  subject  without  knowing  that  the  medium  surrounding  a  magnet  or 
conductor  plays  any  part.  Such  an  important  tenn  as  strength  of  pole  is 
erroneously  defined  on  p.  264  and  a  definition  on  p.  307  indicates  that 
the  international  ohm  has  not  yet  been  heard  of.  To  Faraday  alone  is 
given  the  honor  of  having  discovered  induced  currents — Henry  is 
not  mentioned.  On  p.  346  energy  and  power  are  confounded  in  the 
statement  "Electric  energy  is  the  product  of  two  factors,  current 
strength  and  electromotive  force.'*  The  shade  of  Ruhmkorff  would  be 
interested  to  learn  that  he  and  not  Fizeau  had  "improved  the  induction 
coil  by  adding  a  condenser,**  but  his  feeling  of  pleasant  surprise  would 
give  place  to  righteous  indignation  on  being  accused  further  on  of  hav- 
ing used  in  it  "paraffined  mica.** 

In  judging  any  book  one  must  know  its  aim.  The  aim  of  this  book 
as  stated  in  the  preface  is  "to  give  a  rational  explanation  of  the  more 
important  physical  phenomena,  and  to  prepare  the  way  for  further  in- 
vestigation and  study  of  physical  science.  *  *  If  this  was  the  aim  at  the 
start  it  seems  to  have  been  forgotten  when  the  last  division  of  the  subject, 
light,  was  taken  up.  Reflection  and  refraction  are  treated  without  a 
word  of  reference  to  the  wave  theory  ;  that  is  to  say,  these  phenomena  are 
described,  not  explained.  Not  only  are  explanations  omitted  but  in  many 
a  place  the  facts  are  incorrectly  stated.  Sometimes  the  errors  are  typo- 
graphical, at  other  times  the  authors  are  clearly  at  fault ;  for  instance,  in  the 
article  discussing  the  colors  produced  by  thin  films  they  say  "According 
as  this  distance  is  equal  to  the  wave-length  or  to  half  the  wave  length 
the  rays  will  reinforce  or  destroy  each  other.  *  *  Here  they  leave  out  of 
account  the  fact  that  there  is  at  one  point  a  change  of  phase  of  half  a 
wave  length,  and  of  course,  come  to  a  conclusion  exactly  the  reverse  of 
the  truth.  Some  of  the  optical  diagrams  are  useless  and  that  of  the 
opera  glass  in  particular  is  misleading  and  indefensible. 

In  determining  how  much  space  should  be  given  to  different  subjects 
it  is  not  to  be  expected  that  any  two  men  will  agree.  Still  an  author 
who  devotes  no  less  than  eight  pages  of  his  book  to  mirrors  ought  to 
have  found  space  to  mention  the  diffraction  grating.  A  whole  page  is 
devoted  to  the  bicycle  while  the  important  subject  of  thermal  electricity 
has  to  be  content  with  half  a  page.  Half  a  page  though  seems  to  be 
more  than  the  authors  can  write  without  drawing  upon  their  imaginative 
faculties.  They  make  the  bismuth-antimony  couple  seven  and  a  half 
times  as  powerful  as  it  really  is  and  further  say  that  "  for  the  same  differ- 
ence of  temperature,  bismuth  and  antimony  give  a  stronger  current  than 
any  other  combination,**  a  statement  that  needs  some  qualification  in 
view  of  the  fact  that  at  least  two  other  couples  have  much  higher  electro- 
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motive  forces.     In  other  cases  that  might  be  mentioned  the  authors  make 
statements  that  are  not  sufficiently  guarded. 

One  of  the  truly  original  ideas  of  the  authors  is  expressed  on  p.  157, 
namely,  that  the  diffusion  of  two  gases  illustrates  adhesion ;  but  in  a  text- 
book accuracy  is  preferable  to  originality  of  this  sort.  In  conclusion  the 
reviewer  wishes  to  express  his  conviction  that  any  man  who  writes  such 
a  text-book  as  this,  so  abounding  in  sins,  both  of  commission  and  omis- 
sion, is  deserving  of  censure.  To  cast  a  stumbling  block  in  the  path  of 
the  young  is  no  light  offense. 

Joseph  O.  Thompson. 

Amhbrst  College. 

The  Elements  of  Alternating  Currents.  By  W.  S.  Franklin  and 
R.  B.  Williamson.  8vo,  pp.  212.  New  York,  The  Macmillan  Co., 
1899. 

This  book  is  valuable,  not  only  for  what  it  contains  but  especially  for 
what  it  omits,  and  its  authors  have  succeeded  admirably  in  presenting  a 
clear  outline  of  the  essentials  of  alternating  current  theory  and  practice 
in  a  concise  form,  which  may  serve  as  a  basis  for  a  course  of  instruction 
in  those  subjects.  It  is  so  arranged  that  its  treatment  of  the  various  di- 
visions of  the  subject  may  be  conveniently  developed  by  the  instructor  in 
one  direction  or  another  as  the  circumstances  under  which  the  book  is 
used  njay  require. 

Essentially  a  book  for  class  instruction  of  electrical  engineering  stu- 
dents, it  will,  in  an  extended  course,  require  amplification  by  the  in- 
structor, as  obviously  contemplated  by  the  authors,  for  there  has  been  no 
attempt  to  cover  in  the  text  many  features  of  more  or  less  importance. 
The  fact  that  little  else  than  the  elements  of  the  subject  is  included  in 
the  work  serves  to  emphasize  the  fundamental  conceptions  in  a  jjarticu- 
larly  useful  manner. 

The  book  has  many  illustrative  problems  of  a  valuable  character,  to- 
gether with  their  solutions,  and  at  the  close  of  most  of  the  chapters  are 
collections  of  problems  for  solution  by  the  student  which  are  well  calcu- 
lated to  fix  in  the  mind  the  principles  of  the  chapters  to  which  they  are 
appended. 

The  first  five  chapters  introduce  the  reader  to  the  fundamental  concep- 
tions of  monophase  alternating  current  circuits  and  to  the  machines,  in- 
struments and  measurements  required  for  such  circuits. 

Chapters  VI.  and  VII.  present  a  satisfactory  outline  of  the  use  of  com- 
plex quantities  and  a  number  of  illustrative  problems  which  may  serve  as 
a  basis  for,  and  a  valuable  introduction  to  those  methods  which  Mr. 
Steinmetz  has  so  firmly  incorporated  in  modern  electrical  engineering 
calculation. 
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Chapter  VIII.  introduces  the  conceptions  of  polyphase  circuits  and 
generators,  while  chapters  IX.,  X.  and  XI.  present  in  a  more  detailed  man- 
ner the  elements  involved  in  the  design  of  alternators  and  transformers. 

The  synchronous  and  induction  motors  and  the  rotary  converter  receive 
a  satisfactory,  though  brief,  treatment  in  chapters  XII.,  XIII.  and  XIV., 
and  in  chapter  XV.  is  given  an  exceedingly  concise  consideration  of 
transmission  lines. 

The  work  as  a  whole  is  illustrated  with  well  executed  and  pertinent 
diagrams,  the  typography  is  excellent,  and  the  few  errors  in  the  tjrpes 
noted  are  to  be  expected  in  a  first  edition.  The  appearance  of  the  book 
at  the  present  time  meets  a  distinct  demand  for  a  systematic  outline  on 
which  a  lecture  or  recitation  course  of  instruction  may  proceed  to  any 
development  required. 

Harold  B.  Smith. 

De  V influence  de  la  pression  sur  les  actions  chimiques.  By  Georges 
AiMfe  (1837),  12  pp.  ;  with  an  introduction  by  P.  Duhem.  19  pp. 
Paris,  A.  Hermann,  1899. 

The  introduction  is  entitled  A  point  in  the  history  of  the  Sciences,  The 
tension  of  the  dissociation  before  Sainte- Claire  Devi  lie.  Duhem  has  done 
a  distinct  service  in  bringing  about  the  republication  of  this  remarkable 
Thesis  of  Georges  Aim6  which,  as  he  states,  was  brought  to  his  notice  by 
M.  G.  Brunei,  Dean  of  the  Faculty  of  Sciences  at  Bordeaux. 

Duhem  gives  a  biographical  sketch  of  the  author  and  a  list  of  his  pub- 
lications. The  remainder  of  the  introduction  is  an  interesting  compari- 
son of  the  work  of  Georges  Aim6  with  the  much  later  work  of  Sainte- 
Claire  Deville  and  of  Debray.  The  perusal,  says  Duhem,  of  the  thesis  of 
Aim6  shows  clearly  that  this  physicist  had  reached  the  notion  of  the 
tension  of  dissociation  in  the  form  in  which  this  notion  grew  out  of  the 
experiments  of  Debray  thirty  years  later. 

At  the  end  of  the  eighteenth  century  Lavoisier  had  advanced  the  idea 
that  pressure  opposed  the  disaggregating  force  of  heat  so  that  at  a  given 
temperature  a  certain  pressure  would  suffice  to  stop  vaporization.  Hutton 
in  1798  applied  Lavoisier's  idea  to  the  explanation  of  the  geological 
formation  of  marble  by  the  melting  of  limestone  without  decomposition, 
the  pressure  due  to  superimposed  strata  being  thought  of  as  counteracting 
the  tendency  to  decomposition.  In  1804  the  celebrated  experiment  of 
James  Hall  was  communicated  to  the  Royal  Society  of  Edinburgh.  This 
experiment  was  the  melting  of  amorphous  calcium  carbonate  under  pres- 
sure and  the  formation  of  crystalline  carbonate.  In  1802  Dalton  showed 
that  the  pressure  which  equilibrates  the  vaporizing  tendency  of  a  liquid 
is  the  pressure  of  its  vapor  only,  a  result  which  greatly  extended  the  ideas 
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which  Lavoisier  had  previously  advanced  concerning  the  influence  of 
pressure  on  vaporization. 

What  Dalton  had  done  in  extending  the  ideas  of  Lavoisier,  Georges 
Aim^  did  in  extending  the  theory  of  Hutton.  He  undertook  to  demon- 
strate that  when  a  substance  is  decomposed  by  heat  it  is  not  the  total 
pressure  which  is  effective  in  arresting  the  decomposition,  but  only  the 
pressure  due  to  the  particular  gas  which  is  generated  by  the  decompo- 
sition. 

Aim6  showed  in  the  first  place  that  the  decomposition  of  a  carbonate 
by  an  acid  in  a  closed  vessel  is  arrested  when  the  carbon  dioxide  formed 
reaches  a  certain  pressure  which  depends  upon  the  nature  of  the  carbonate 
and  of  the  acid.  In  the  second  place  he  showed  that  this  pressure  is  in- 
dependent of  the  proportions  of  carbonate  and  of  acid.  In  the  third 
place  he  showed  that  the  arrest  of  the  decomposition  was  determined  by 
the  pressure  due  to  carbon  dioxide  only.  He  made  no  explicit  statement 
concerning  the  dependence  of  this  dissociation  pressure  upon  temperature, 
although  he  must  have  considered  the  question,  inasmuch  as  he  was 
familiar  with  Hutton* s  theory  and  with  Hall's  experiment. 

These  results  of  Georges  Aim6  were  entirely  lost  sight  of,  and  it  was 
in  1857  that  Sainte-Claire  Deville  began  again  to  approach  the  subjects 
Sainte-Claire  Deville* s  experiments  did  not  completely  verify  his  hy. 
pothesis  of  a  definite  dissociation  pressure,  which  hypothesis  he  advance- 
in  1863  when  he  had  reached  a  clear  notion  of  the  matter,  and  it  wad 
not  until  the  researches  of  Debray  were  published  in  1867  that  this  hy- 
pothesis became  a  matter  of  fact. 

W.  S.  Franklin. 

Traite  Hementaire  de  Mechanique  chemique  fondee  sur  la  Thermodyna- 
mique.    By  P.  Duhem.    Vol.  IV.,  381  pp.     Paris,  A.  Hermann,  1899. 

With  this  fourth  volume  Duhem *s  Treatise  is  completed  in  about  four- 
teen hundred  pages,  constituting  a  most  complete  outline  of  the  theory 
of  the  application  of  thermodynamics  to  chemistry.  The  first,  second 
and  third  volumes  of  this  Treatise  have  been  previously  noticed  in  the 
Physical  Review.  This  treatise  represents  an  immense  amount  of  labor 
on  the  part  of  the  author  and  an  exceptional  breadth  of  knowledge  of 
the  subject. 

It  is  characteristic  of  the  application  of  thermodynamics  to  chemistry 
that  it  formulates  the  subject  out  of  all  proportion  to  our  real  knowledge, 
introducing  unknown  functions  and  a  meaningless  plurality  of  generalized 
codrdinates.  This  monumental  work  of  Duhem's  is,  therefore,  of  less  use 
to  the  experimentalist  than  an  equally  laborious  and  erudite  treatise  might 
be  in  a  subject  lending  itself  less  readily  to  the  unbridled  play  of  mathe- 
matical generalizations. 
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In  this  fourth  volume  the  author  discusses  what  he  calls  Us  Melanges 
doubles  (double  mixtures),  meaning  systems  of  two  phases  of  variable 
composition,  such,  for  example,  as  alcohol  and  water  liquid  and  vapor. 

W.  S.  Franklin. 

American    Telephone   Practice.     By  Kempstead  B.  Miller.    New 
York,  American  Electrician  Co.,  1899.     Pp.  x  +  458. 

In  this  volume  Mr.  Miller  offers  a  wealth  of  detailed  information  con- 
cerning the  systems  of  telephone  construction  in  the  United  States. 
There  is  but  little  about  the  theory  of  the  telephone,  and  that  of  the 
most  elementary  character,  but  the  description  of  all  the  varied  parts 
that  go  to  make  up  the  telephone  exchange  as  it  exists  at  the  present 
day  will  be  found  of  the  greatest  interest  to  all  who  care  for  the  modem 
industrial  development  of  electricity.  One  who  is  not  already  familiax 
with  the  subject  cannot  but  be  struck  at  the  bewildering  multiplicity  of 
detail  involved  in  the  practical  working  of  a  device  which  when  reduced 
to  its  essential  features  is  so  remarkably  free  from  complicated  mechanism 
as  the  telephone. 

The  opening  chapters  of  Mr.  Miller's  volume  lead  the  technical  reader 
over  very  familiar  ground.  The  description  of  the  various  forms  of  tele- 
phone receivers  and  transmitters,  of  batteries  and  of  calling  apparatus, 
together  with  the  properties  of  circuits,  are  topics  which  have  been  treated 
in  nearly  every  work  on  applied  electricity  which  has  hitherto  appeared. 
Chapters  14  to  25,  however,  which  form  the  bulk  of  the  present  volume, 
are  entirely  devoted  to  the  means  by  which  those  who  desire .  to  com- 
municate by  telephone  are  brought  together.  In  these  chapters  simple 
switchboards  for  small  exchanges,  listening  and  ringing  apparatus  for 
switchboards,  self- restoring  switchboard  drops,  complete  switchboards 
for  small  exchanges,  lamp  signal  switchboard,  the  multiple  switchboard, 
transfer  systems,  common  battery  systems,  house  systems,  etc. ,  are  treated 
in  a  very  complete  manner  with  diagrams  of  the  wiring,  and  excellent 
illustrations  of  the  more  important  pieces  of  apparatus.  These  follow  a 
series  of  chapters  on  the  various  types  of  party  lines,  and  the  book  con- 
cludes with  a  treatise  on  the  selection  of  wire  for  telephone  use,  on  the 
construction  of  pole  lines,  and  on  the  laying  of  underground  cables,  to- 
gether with  a  chapter  on  line  and  cable  testing. 

E.   L.  N. 
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THE  ACOUSTIC   ANALYSIS   OF  THE  VOWELS   FROM 
THE   PHONOGRAPHIC   RECORD. 

By  Louis  Bevier,  Jr. 

THE  use  of  the  phonograph  in  the  scientific  study  of  vowel  tim- 
bre is  not  new.  It  began  more  than  twenty  years  ago  when  the 
instrument  was  still  in  an  undeveloped  stage,  and  much  less  true  to 
timbre  than  it  is  today.  One  difficulty  has  been  to  secure  a  suffi- 
ciently magnified  trace  of  the  record  for  convenient  study.  The  ap- 
paratus of  Jenkin  and  Ewing^  magnified  ordinates  400  times,  but 
was  a  machine  of  some  complexity,  and  too  delicate  for  general  use 
by  investigators.  Its  records,  except  in  the  hands  of  laboratory 
experts,  would  be  untrustworthy. 

Since  that  time  many  attempts  have  been  made  with  more  or  less 
success,  but  I  know  of  no  apparatus  so  simple  and  inexpensive  as 
that  by  means  of  which  I  have  obtained,  with  the  aid  of  my  col- 
league. Dr.  F.  C.  Van  Dyck,  Professor  of  Physics  in  Rutgers  Col- 
lege, vowel-curves  of  very  great  clearness,  and  in  which  the  ordinates 
are  magnified  about  1000  times.  Moreover,  the  mere  substitution 
of  a  different  lens  makes  it  possible  to  magnify  as  much  more  as 
may  be  desired,  certainly  up  to  5000  times  without  much  difficulty. 

The  apparatus  used  is  illustrated  diagrammatically  in  figure  i, 
page  194,  which  shows  all  the  essential  parts.  We  took  an 
Edison  automatic  reproducer,  such  as  is  regularly  sold  with  the 
machines,  removed  the  diaphragm,  and  fastened  to  the  tracing  lever 

*  Transactions  of  the  Royal  Society  of  Edinburgh,  1878. 
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a  rigid  arm  bearing  an  adjustable  plane  mirror.  A  spring,  fastened 
to  this  arm,  holds  the  sapphire  knob  of  the  reproducer  lightly  but 
firmly  in  the  furrow  of  the  wax.  It  should  be  just  stiff  enough  to 
raise  the  weight  of  the  movable  plate,  on  which  the  lever  is  mounted. 


Fig.  1. 

A  -=  section  of  phonograph  wax  cylinder. 
B  —  surface  of  the  wax. 

C  —  bottom  of  the  furrow,  with  undulations  much  exaggerated. 
D  —  sapphire  knob  of  tracer. 
E  — =  rigid  lever  bearing  adjustable  mirror. 
F  -«  adjusuble  plane  mirror. 
G  —1  source  of  light. 

H  «  plate  with  pin  hole  through  which  light  passes. 
J  »-  convex  lens  with  conjugate  foci  at  //and  L, 
K  ^  revolving  drum  carrying  bromide  paper. 
L  »  surface  of  paper  on  which  point  of  light  leaves  the  sinuous  trace. 

and  press  the  whole  snugly  up  against  the  carriage  frame,  in  order 
that  not  the  smallest  movement  of  the  knob  can  be  taken  up  at 
bearings,  but  that  every  movement,  small  or  great,  shall  be  faith- 
fully imparted  to  the  mirror.  Then  a  narrow  beam  of  light  re- 
flected from  the  mirror  and  focused  on  moving  bromide  paper  will 
leave  a  sinuous  trace  exactly  corresponding  to  the  profile  of  the 
bottom  of  the  furrow  in  the  wax.  The  magnifying  power  of  this 
arrangement  is  very  great,  because  the  long  arm  of  the  lever  is  a 
beam  of  light,  and  making  this  arm  longer  is  for  the  most  part  a 
very  simple  matter.     To  magnify  400  times  by  a  system  of  material 
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levers  without  falsifying  the  record  by  various  accidental  tremors 
was  a  matter  of  great  difficulty,  whereas  by  this  plan  it  would  be 
quite  easy  to  magnify  as  much  as  5000  times,  if  such  enlargement 
should  be  found  desirable.  In  my  machine  the  distance  from  the  sap- 
phire knob  to  the  fulcrum  is  about  one-eighth  of  an  inch,  hence  when 
the  other  arm  is^only  ten  feet  we  have  magnified  already  nearly  1000 
times.  Thus  far  I  have  been  content  with  this  result,  but  have  used 
a  longer  arm  in  a  few  experiments  and  found  no  new  difficulties 
introduced.  Making  the  short  arm  one-sixteenth  of  an  inch,  and 
working  with  a  beam  of  light  thirty  feet  in  length  would  obviously 
magnify  more  than  5000  times.  The  chief  difficulty  would  be 
to  secure  a  fine  point  of  light  at  so  great  a  focal  distance. 

Besides  this  tracer  one  must  have  a  good  motor  to  turn  the  drum 
on  which  the  bromide  paper  is  carried.  This  should  be  adjustable, 
and  as  uniform  in  motion  as  possible,  for  if  the  drum  does  not  re- 
volve uniformly,  the  abscissas  will  be  hopelessly  falsified.  Another 
motor  also  is  needed  which  will  give  to  the  wax  cylinder  a  very 
slow  and  uniform  motion  of  rotation.  When  these  preliminaries  are 
arranged  and  the  whole  is  installed  in  a  room  sufficiently  dark  for 
photographic  work  the  difficulties  of  manipulation  are  not  great.  I 
may  briefly  describe  the  necessary  steps.  After  the  sound  which  it 
is  desired  to  study  has  been  sung  into  the  instrument,  and  the 
sound-waves  are  thus  recorded  on  the  wax  cylinder  in  the  usual 
way,  an  ordinary  reproducer  should  be  placed  in  the  carriage  and  a 
test  be  made  to  ascertain  whether  the  instrument  gives  back  the 
sound  with  truth  and  precision.  One  learns  by  a  little  practice  to 
make  records  which  come  back  with  great  perfectness  of  timbre,  and 
this  is  most  important  if  our  results  are  to  have  permanent  value. 
A  record  thus  tested  by  reproduction  is  now  ready  to  be  transcribed. 
Remove  the  reproducer  and  insert  in  its  place  the  transcriber 
already  explained,  adjusting  carefully  so  that  the  knob  runs  pre- 
cisely in  the  bottom  of  the  furrow.  Arrange  the  light  so  as  to 
get  as  small  and  as  perfect  a  point  as  possible  on  the  drum.  Place 
the  bromide  paper  on  the  drum  and  start  the  two  motors.  The 
point  of  light  will  move  up  and  down  on  the  bromide  paper,  and  as 
the  drum  revolves  a  sinuous  line  is  recorded  which  becomes  visible 
at  once  when  the  paper  is  treated  with  a  developer.     The  drum 
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should  be  so  adjusted  that  as  it  revolves  it  will  move  either  up  or 
down  on  its  axis  so  that  the  trace  will  not  come  round  into  itself. 
This  may  be  done  by  hand,  but  it  is  better  to  have  an  automatic 
device  such  as  can  be  arranged  in  any  laboratory.  On  a  strip  of 
paper  two  feet  long  and  six  inches  wide  we  may  obtain  a  sinuous 
trace  in  this  way  of  twelve  feet  or  more,  according  to  the  amount  of 
axial  motion  given  to  the  drum  with  each  revolution. 

The  actual  depth  of  the  hollows  in  the  records  carried  by  the 
wax  cylinder  is  seldom  more  than  1/2000  of  an  inch,  and  generally 
very  much  less,  so  that  when  ordinates  are  magnified  1000  times 
the  apparent  amplitude  as  shown  in  the  trace  is  seldom  more  and 
generally  less  than  one-half  an  inch.  An  apparent  amplitude  of 
one  half  an  inch  makes  a  very  loud  sound  in  reproduction,  and  even 
when  the  greatest  apparent  amplitude  is  one-tenth  of  an  inch  the 
sound  heard  in  reproduction  is  very  clear  and  distinct 

With  this  apparatus  I  have  transcribed  many  records  of  the  prin- 
cipal vowels  of  our  spoken  English,  but  have  as  yet  made  a  careful 
study  only  of  the  records  of  the  vowel  a,  that  is,  the  sound 
heard  in  such  words  as  father^  palm,  part,  etc.  Plate  I  gives 
a  photograph  of  some  of  the  curves  which  I  have  obtained. 
They  are  all  waves  of  the  same  sound  at  different  pitches,  as  ex- 
plained at  the  side.  They  were  sung  by  four  different  voices,  i,  2 
and  3  being  baritones,  and  4  being  a  boy's  voice  with  soprano 
register.  I  have  placed  at  the  side  the  number  of  vibrations  to  the 
second  as  determined  by  the  pitchpipe  used  in  the  present  series  of 
experiments.  In  photographing  them  they  have  been  reduced 
nearly  three  diameters,  so  as  not  to  occupy  too  much  space.  A 
few  specimen  waves  of  the  full  size  as  transcribed  are  shown  in 
Plate  II. 

In  transcribing  the  record  from  the  wax  cylinder  to  the  bromide 
paper  the  cylinder  was  made  to  revolve  once  in  about  nine  minutes, 
the  bromide  paper  moving  at  the  rate  of  23  i/^  inches  (the  circum- 
ference of  the  drum)  in  one  minute.  Now  the  circumference  of  the 
wax  cylinder  is  about  six  inches,  hence  it  is  obvious  that  abscissas 
were  magnified  about  35  times  (9:6::!:^;  ^  :  23^  : :  i  :  35  J^). 
Again,  since  in  making  the  original  records  the  wax  cylinder  was 
made  to  revolve  twice  a  second,  it  is  obvious  that  a  sound  of  one' 
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Plate  1. 
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second's  duration  would  trace  a  sinuous  line  on  the  bromide  paper 
about  35  feet  in  length.  For  a  tone  at  the  pitch  d  (288),  the  wave- 
length is  therefore  about  ij4  inches,  and  at  D  (144)  about  3  inches. 
In  the  plate  the  lines  represent  therefore  about  -^^  part  of  a  second. 
These  ratios  were  found  to  be  in  practice  convenient,  but  provided  that 
the  pitch  is  in  each  case  carefully  registered  there  is  no  particular 
importance  in  preserving  precisely  the  same  relations.  The  funda- 
mental waves  are  perfectly  distinguishable  by  the  eye  alone,  and  if 
the  pitch  is  known  all  the  rest  is  a  mere  matter  of  computation.  The 
slow  movement  of  the  wax  cylinder  in  transcription  is  however  very 
important,  because  we  avoid  in  this  way  any  tremors  in  the  arm  which 
bears  the  mirror,  which  otherwise  would  falsify  the  record.  In  the 
present  series  of  experiments  I  have  employed  a  speed  less  than  one 
thousandth  of  the  original  velocity,  and  for  some  vowels  of  high 
resonance  pitch  (especially  i,  as  in  pique)  I  should  be  inclined  to 
reduce  the  speed  still  more.  Though  the  necessity  for  such  slow 
motion  makes  experimentation  somewhat  laborious,  since  it  requires 
17  minutes  to  transcribe  a  sound  of  one  second's  duration,  still 
the  necessary  preliminaries  are  so  much  more  exacting  of  time  that 
an  hour  more  or  less  in  actual  transcription  does  not  make  much 
difference. 

In  one  further  detail  my  experience  may  be  of  use  to  other  in- 
vestigators. A  cylinder  which  it  is  proposed  to  use  in  such  studies 
must  be  carefully  planed  beforehand.  Inequalities  which  are  of  no 
consequence  in  its  ordinary  use  show  as  mountainous  irregularities 
when  the  ordinates  are  magnified  one  thousand  times.  After  a 
cylinder  has  been  planed  so  that  inequalities  of  this  sort  are  negligi- 
ble, the  desired  record  should  be  made  and  transcribed  with  as  little 
delay  as  possible,  for  the  wax  is  quite  sensitive  to  changes  of  tem- 
perature, and  after  being  left  over  night  is  noticeably  less  regular 
than  when  first  planed.  So,  too,  after  planing  it  must  not  be  re- 
moved from  the  mandrel  and  replaced  before  being  used,  for  it  is 
impossible  to  replace  it  so  exactly  in  its  former  position,  but  that  it 
will  when  replaced  show  again  more  or  less  eccentricity. 

The  waves  obtained,  specimens  of  which  are  shown  in  Plates  I. 
and  II.,  were  subjected  to  the  usual  Fourier  analysis.  In  the 
longest  waves,  or  waves  of  lowest  pitch,  36  ordinates  were  meas- 
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ured,  and  the  overtones  up  to  the  i6th  were  computed.  For 
the  shortest  1 2  measurements,  giving  the  first  four  overtones,  were 
found  to  be  sufficient.  Intermediate  waves  were  measured  in  20  or 
24  places,  according  to  their  pitch.  In  no  case  were  any  overtones 
higher  than  the  loth  of  large  enough  amplitude  to  merit  considera- 
tion. The  subjoined  table  gives  some  specimen  analyses  running 
from  A,jjf  (with  1 1 3  vibrations  to  the  second  according  to  the  pitch- 
pipe  used)  to  d'  (with  576  vibrations  to  the  second).  They  repre- 
sent four  different  voices,  and  establish  with  my  other  material,  I 
believe,  a  fairly  accurate  acoustic  definition  of  a.  For  a  fuller  ex- 
position of  these  results  I  refer  to  an  article  soon  to  appear  in  **  Die 
Neueren  Sprachen.*' 
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N  B.  In  this  table  the  fundamental  is  marked  I,  the  first  overtone  II,  the  second 
III,  etc.,  following  the  common,  but  somewhat  misleading  practice.  I  have  not  thought 
it  worth  while  to  adopt  Ellis's  "  partial  tone"  instead  of  the  familiar  "overtone.** 

It  will  be  sufficient  here  to  describe  briefly  the  conclusions  to 
which  I  have  arrived.  The  vowel  a  at  any  pitch,  and  pronounced 
by  any  voice,  contains  the  following  elements  : 

1st,  The  fundamental,  with  the  first  two  or  three  overtones,  /.  /., 
the  octave  above  the  fundamental,  the  fifth,  and  the  second  octave. 
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The  fundamental  varies  greatiy  in  relative  amplitude  for  reasons 
which  I  do  not  as  yet  attempt  to  formulate.  The  overtones  are 
generally  very  weak,  unless  reinforced  by  the  mouth  resonance  as 
set  forth  below. 

2d,  and  most  characteristic  for  the  identity  of  the  vowel ;  the 
overtone  or  overtones  whose  frequencies  of  vibration  chance  to  fall 
between  1000  and  1300  vibrations  to  the  second,  the  maximum 
seeming  to  lie  at  about  1 1 50.  This  is  the  main  resonance  of  the 
mouth  when  formed  to  utter  this  vowel,  and  remains  remarkably 
constant  no  matter  what  the  fundamental  pitch  may  be.  If  the 
fundamental  has  144  vibrations  to  the  second^overtones  VII.,  VIII. 
and  IX.,  with  frequencies  of  1008,  1152,  and  1296  respectively, 
will  all  be  present,  but  VIII.,  with  1152  vibrations  to  the  second, 
in  much  the  largest  amplitude.  If  the  fundamental  has  320  vibra- 
tions to  the  second  overtones  III.  and  IV.  will  be  present,  with 
960  and  1280  vibrations  to  the  second  respectively,  but  IV.  will  be 
much  the  more  prominent,  III.  being  very  weak  since  it  falls  below 
the  region  of  strong  resonance. 

3d.  The  overtone  or  overtones  whose  frequencies  of  vibration 
chance  to  fall  between  575  and  800  vibrations  to  the  second  for 
men's  voices,  with  a  maximum  at  about  675,  or  between  675  and 
900  with  a  maximum  at  about  800,  for  the  voices  of  women  and 
children.  This  is  presumably  the  resonance  of  mouth  and  throat 
cavities  resounding  as  one  vessel.  It  is  not  nearly  as  constant  as 
the  main  resonance  region  explained  above,  and  seems  to  vary  be- 
tween individuals  and  classes  of  voices  far  more  than  the  other.  It 
is  however  very  important  and  at  one  pitch  (A#,  =  226)  has  an  am- 
plitude (not  however  an  energy)  a  little  greater  even  than  the  main 
resonance.  If  the  fundamental  has  144  vibrations  to  the  second  we 
shall  find  accordingly  overtones  IV.  and  V.  present  whose  fre- 
quencies are  576  and  720  respectively,  but  V.  being  nearer  the  point 
of  maximum  resonance  in  this  region  will  have  the  greater  ampli- 
tude. At  Ajjf  (  =  226)  we  shall  find  overtone  III.,  with  678  vibrations 
to  the  second  very  prominent.  My  analyses  reveal  for  the  vowel  a 
no  other  region  of  resonance  except  these  two. 

I  subjoin  a  tentative  chart  (Fig.  2)  representing  the  resonance 
curve  for  the  a-position  of  the  man's  mouth.     In  this  I  have  made  the 
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frequency  of  vibration  the  abscissa  and  the  amplitude  of  vibration 
the  ordinate.  Were  this  based  on  a  long  series  of  observations  to 
eliminate  individual  and  accidental  elements  we  could  thus  plot  a 
curve  which  could  be  taken  as  the  standard  resonance  curve  char- 
acteristic of  the  vowel.  It  would  be  practically  an  objective  defini- 
tion of  the  vowel,  deviations  from  which  in  individual  cases  would 
be  such  as  would  not  affect  materially  the  character  of  the  vowel. 


9  lOOU  11 

Fig:.  2. 
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The  above  curve  (Fig.  2)  is  drawn  to  represent  simply  amplitude 
percentages.  The  "energy"  curve,  in  which  ordinates  are  propor- 
tionate to  the  product  of  the  squares  of  amplitudes  and  the  squares 
of  frequencies  {E  varries  as  c?i^  is  perhaps  even  more  significant. 
A  tentative  energy  curve  follows  : 
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Many  important  questions  arise  which  I  do  not  as  yet  attempt  to 
answer.  A  preliminary  discussion  of  some  of  them  will  be  found 
in  the  article  to  which  I  have  already  alluded.  My  main  purpose 
here  is  to  call  attention  to  a  means  of  experimentation  which  I  am 
convinced  will  prove  of  great  use  in  further  researches. 

A  word  as  to  the  mathematical  analysis  by  means  of  Fourier's 
theorem  may  be  helpful.  It  is  well  to  use  the  average  ordinates 
obtained  from  a  succession  of  adjacent  waves.  I  say  adjacent  waves 
because  no  matter  how  steady  the  voice  has  been  the  waves  are  apt 
to  change  slightly  in  character  as  the  sound  proceeds,  and  though 
adjacent  waves  are  often,  so  far  as  the  eye  can  detect,  perfectly  sim- 
ilar, it  is  rarely  possible  to  obtain  a  sequence  of  more  than  a  dozen 
or  so  which  are  to  the  eye  exactly  alike.  Changes  of  pitch,  timbre 
or  intensity  so  slight  as  to  escape  the  notice  of  the  ear  cause  very 
noticeable  modifications  in  the  wave-form,  and  make  it  illegitimate 
to  average  the  measurements  of  any  save  adjacent  waves.  As  the 
succession  of  waves  is  examined  it  will  generally  be  seen  that  a 
change  is  in  progress  which,  though  slow,  results  in  the  course  of 
a  small  fraction  of  a  second  even  in  quite  a  marked  difference.  An 
analysis  at  two  different  points  of  the  same  utterance,  gives  quite  a 
different  succession  of  measurements  for  ordinates,  but  the  results  of 
a  mathematical  computation  are  very  similar.  Before  this  matter  can 
be  really  settled  it  will  be  necessary  to  analyze  each  wave  of  a  series 
from  beginning  to  end  of  an  individual  utterance.  A  sufficient 
number  of  such  computations  will  probably  throw  light  on  this  very 
interesting  and  difficult  subject. 

After  the  necessary  measurements  have  been  obtained  the  analysis 
is  made  by  means  of  the  familiar  formulae  derived  from  Fourier's 
theorem,  but  the  labor,  particularly  when  it  is  necessary  to  use  as 
many  as  36  ordinates,  is  by  no  means  small.  I  am  indebted  to  my 
colleague,  Robert  W.  Prentiss,  M.S.,  Professor  of  Mathematics  in 
Rutgers  College,  for  a  method  of  arranging  the  formulae  which  has 
greatly  abridged  the  labor.  He  is  preparing  an  explanation  of  his 
arrangement  which  will  be  published  shortly. 
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NOTE  ON  THE  VARIATION  OF  THE   SPECIFIC  HEAT 
OF  WATER   BETWEEN  o°  ANP  lOO^C 

By  H.  L.  Callendar  and  H.  T.  Barnes. 

•.. 

THE  present  note  which  it  is  thought  would  be  of  interest  to 
many  of  the  readers  of  the  Physical  Review  is,  with  a 
few  changes  made  to  introduce  later  results,  almost  a  reprint  of  the 
report  communicated  by  the  authors  at  the  meeting  of  the  British 
Association  at  Dover  (Sept.,  1899).  In  1897,  during  the  Toronto 
meeting,  a  preliminary  note  was  communicated  to  the  same  society, 
in  which  the  authors  described  briefly  a  new  method  for  determining 
the  specific  heat  of  a  liquid  in  terms  of  the  international  electrical 
units.  At  that  time  the  method  had  only  been  roughly  applied  to 
the  cases  of  water  and  mercury.  The  preliminary  apparatus,  how- 
ever, was  exhibited  to  several  members  of  Section  A  on  the  oc- 
casion of  their  visit  to  McGill  University.  One  of  the  main  ob- 
jects of  the  work  was  the  determination  of  the  variation  of  the 
specific  heat  of  water  over  the  range  0°  to  ioo°C.  for  which  the 
method  is  peculiarly  suited.  Shortly  after  the  commencement  of 
the  work  one  of  the  authors  (H.  L.  C.)  was  called  to  London  to  fill 
the  Quain  Chair  of  Physics  in  University  College,  leaving  the  work 
in  the  sole  charge  of  H.  T.  B. 

The  general  principle  of  the  method,  and  the  construction  of  the 
apparatus  will  be  readily  understood  by  reference  to  the  diagram  of 
the  continuous-flow  electric  calorimeter  given  in  Fig.  i.  A 
steady  current  of  water  flowing  through  a  fine  tube,  AB,  is  heated 
by  a  steady  electric  current  in  a  central  conductor  of  platinum. 
The  steady  difference  of  temperature  between  the  inflowing  and  out- 
flowing water  is  observed  by  means  of  a  differential  pair  of  platinum 
thermometers  at  either  end.  The  bulbs  of  these  thermometers  are 
surrounded  by  thick  copper  tubes,  which  by  their  conductivity 
serve  to  equalize  the  temperature,  and  to  prevent  the  generation  of 
heat  by  the  current  in  the  neighborhood  of  the  bulbs  of  the  ther- 
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mometers.  The  leads  CC  serve  for  the  introduction  of  the  current, 
and  the  leads  PP^  which  are  carefully  insulated,  serve  for  the 
measurement  of  the  difference  of  potential  on  the  central  con- 
ductor.    The  flow  tube  is  constructed  of  glass,  and  is  sealed  at 


Fig.   1. 

cither  end,  at  some  distance  beyond  the  bulbs  of  the  thermometers, 
into  a  glass  vacuum  jacket,  the  function  of  which  is  to  diminish  as 
much  as  possible  the  external  heat  loss.  The  whole  is  enclosed  in 
an  external  copper  jacket  (not  shown),  containing  water  in  rapid 
circulation  at  a  constant  temperature  maintained  by  means  of  a  very 
delicate  electric  regulator. 

The  general  equation  of  the  method  may  be  stated  in  the  follow- 
ing form : 

JMdO  +  H^ECt. 

The  difference  of  potential  E  on  the  conductor  is  measured  in 
terms  of  the  Clark  cell  by  means  of  a  Thomson-Varley  slide  poten- 
tiometer, very  accurately  constructed  and  calibrated.  The  current 
C  is,  also  measured  by  observing  the  difference  of  potential  on  a 
standardized  resistance  R  included  in  the  circuit. 

The  Clark  cells  employed  in  this  work  were  **  crystal  "  cells  ' 
of  the  B.  O.  T.  pattern  and  hermetically  sealed  cells.  They  were 
kept  immersed  in  a  regulated  water  bath  at  a  constant  temperature, 
near  15°  C,  and  have  maintained  their  relative  differences  constant 
to  a  few  parts  in  100,000  since  they  were  made  in  1895. 

The  resistance  R  consists  of  two  one-ohm  coils  in  parallel,  each 
made  of  four  bare  platinum-silver  wires  in  parallel  wound  on  mica 
frames  and  immersed  in  paraffin  oil  at  a  constant  temperature.  The 
coils  were  annealed  at  a  red  heat  after  winding  on  the  mica  frames, 
and  are  not  appreciably  heated  by  the  passage  of  the  electric  cur- 
rents employed  in  the  work.     The  two  one  ohms  are  repeatedly 

>  H.  L.  Calendar  and  H.  T.  Barnes,  Proc.  Roy.  Soc.,  62,  117  (1897). 
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Standardized  by  comparison  with  an  oil  immersed  certified  one  ohm 
manganin  standard  of  the  English  Electrical  Standards  Committee, 
and  have  not  changed  their  resistance  since  being  made  by  as 
much  as  S  parts  in  ioo,cx)o. 

The  time  of  flow  /  of  the  mass  of  water,  J/,  was  generally  about 
fifteen  minutes,  and  was  recorded  automatically  on  an  electric  chro- 
nograph reading  to  .01  second,  on  which  the  seconds  were  marked 
by  a  standardized  clock. 

The  letter /stands  for  the  number  of  joules  in  one  calorie  at  a 
temperature  which  is  the  mean  of  the  range  dO,  through  which  the 
water  is  heated. 

The  mass  of  water,  M,  was  generally  from  400  to  600  grammes. 
After  passing  through  a  cooler,  it  was  collected  and  weighed  in  a 
tared  flask  in  such  a  manner  as  to  obviate  all  possible  loss  by 
evaporation. 

The  range  of  temperature  was  generally  about  8°  in  the  series  of 
experiments  on  the  variation  of/,  but  other  ranges  from  1°  to  12® 
were  tried  to  test  the  theory  of  the  method.  The  thermometers 
were  read  to  the  ten-thousandth  part  of  a  degree,  and  the  difference 
was  probably  in  all  cases  accurate  to  .001°  C.  This  order  of  ac- 
curacy could  not  have  been  possible  with  mercury  thermometers 
under  the  conditions  of  the  experiments. 

The  external  loss  of  heat,  H,  was  very  small,  owing  to  the  per- 
fection and  constancy  of  the  vacuum  attainable  in  the  sealed  glass 
jacket.  It  was  determined  and  eliminated  by  adjusting  the  electric 
current  so  as  to  secure  the  same  rise  of  temperature,  dO,  for  widely 
different  values  of  the  water-flow. 

The  great  value  of  the  continuous-flow  method  as  compared  with 
the  more  common  method  in  which  a  constant  mass  of  water  at  a 
uniform  temperature  is  heated  in  a  calorimeter,  the  temperature  of 
which  is  changing  continuously,  is  that  in  this  method  there  is 
practically  no  change  of  temperature  in  any  part  of  the  apparatus 
during  the  experiment.  There  is  no  correction  required  for  the 
thermal  capacity  of  the  calorimeter ;  the  external  heat  loss  is  more 
regular  and  certain,  and  there  is  no  error  due  to  the  lag  of  the 
thermometers.  Another  distinct  advantage  is  that  the  steadiness  of 
the  conditions  permits  the  attainment  of  the  highest  degree  of 
accuracy  in  the  instrumental  readings. 
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In  work  of  this  nature  it  is  recognized  as  being  of  the  utmost  im- 
portance to  be  able  to  detect  and  eliminate  constant  errors  by  vary- 
ing the  conditions  through  as  wide  a  range  as  possible.  In  addi- 
tion to  varying  the  electric  current,  the  water-flow,  and  the  range 
of  temperature,  it  is  possible  with  comparatively  little  trouble  to 
alter  the  form  and  resistance  of  the  central  heating  conductor,  and 
to  change  the  glass  calorimeter  for  one  with  a  different  degree  of 
vacuum,  or  a  different  bore  for  the  flow  tube.  Several  different 
calorimeters  were  thus  employed,  and  the  agreement  of  the  results, 
on  reduction,  affords  a  very  satisfactory  test  of  the  accuracy  of  the 
method. 


'L221 


Fig.  2. 

Variation  of  the  Specific  Heat  of  Water  between  o®  and  100°  C. 

J.  &  A.     Jamin  and  Amaury,  1870. 

B.  &  S.     Bartoli  and  Stracciati,  1891. 

R^.     Rowland's  Original  Values,  1880. 

R«.     Rowland's  Corrected  Values,  1898. 

G.     Griffiths,  1893. 

S.  &  G.     Shuster  and  Gannon,  1893, 

O     Authors'  Values,  1899. 

\         Kahle's  and  Carhart's  Identical  Gark 
)     Cell  Values,  Assumed. 


'■} 


Lord  Rayleigh's  Value  for  the  Clark 
Cell,  Assumed. 


♦    Authors'  at  20.°  2  C. 


The  general  results  of  the  investigation,  so  far  as  it  is  possible  to 
give  them  for  publication  at  present,  may  be  seen  by  reference  to  the 
plot  given  in  Fig.  2,  which  includes  also  the  results  of  other  ob- 
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servers,  to  the  same  scale.  The  curve  marked  Regnault  represents 
the  well-known  formula  of  Regnault  which  has  been  adopted  as  the 
basis  of  much  calorimetric  work.  This  formula  was  confessedly 
approximate,  and  was  deduced  from  experiments  on  mixing  water 
at  high  temperatures  with  water  at  15°  C.  The  method  could  not 
be  expected  to  give  any  information  with  regard  to  the  variation  of 
the  specific  heat  at  ordinary  temperatures.  The  experiments  of 
Jamin  and  Amaury  (J.  and  A.),  by  the  method  of  electric  heating, 
gave  a  very  rapid  increase  of  the  specific  heat  at  low  temperatures, 
but  the  science  of  electrical  measurement,  and  the  difficulties  of  the 
electrical  method,  were  not  at  that  date  sufficiently  known  to  ren- 
der the  results  of  any  value. 

Rowland's  original  curve  {R^  is  shown  by  the  dotted  line,  and 
with  it  his  corrected  values*  {R^  are  given  by  the  smooth  line. 
His  original  results,  obtained  by  Joule's  method,  were  expressed  in 
terms  of  his  own  air  thermometer,  and  showed,  for  the  first  time, 
how  rapidly  the  specific  heat  of  water  diminishes  as  the  temperature 
rises  from  0°  to  30°  C.  The  corrected  values  are  those  obtained  by 
reducing  his  thermometers  to  the  Paris  scale.  The  effect  of  this 
correction  is  to  lower  the  temperature  at  which  the  specific  heat  is 
4.2CX)  joules  from  10°  to  7°  C.  and  to  diminish  the  temperature 
coefficient.  In  the  plot  in  Fig.  2  the  right  hand  margin  gives  the 
scale  of  joules  in  absolute  measure. 

The  experiments  of  Bartoli  and  Stracdati  (B.  and  S.)  were  made 
by  the  method  of  mixtures,  and  are  expressed  in  terms  of  a 
thermal  unit  at  15°  C.  Their  curve  bears  a  general  resemblance  to 
that  of  Rowland,  but  shows  a  minimum  point  at  20°  C.  The  errors 
and  limitations  of  this  method  are  well  known,  and  it  is  difficult  to 
suppose  it  capable  of  any  high  degree  of  accuracy,  or  to  think  other- 
wise than  that  the  excessive  lowering  of  the  minimum  point  is  due 
to  some  error  not  eradicated  by  mere  repetition  of  similar  experi- 
ments. . 

The  experiments  of  Griffiths  (G.)  between  15°  and  25®  were  made 

by  observing  the  rate  of  rise  of  temperature  of  a  mass  of  water 

heated  by  an  electric  current.     His  work  threw  a  flood  of  light  on 

the  difficulties  of  electric  calorimetry,  and  explained  the  failure  of 

»  William  S.  Day,  Physical  Review,  7,  193  (1898). 
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previous  observers  to  obtain  satisfactory  results  by  this  method. 
Over  the  range  of  his  experiments  he  found  approximately  the 
same  rate  of  diminution  of  the  specific  heat  as  that  given  by  Row- 
land. 

The  curve  marked  by  circled  dots  in  the  figure,  extending  from 
o^  to  86®  C.  represents  the  results  so  far  obtained  in  the  present  in- 
vestigation. The  points  represented  are  samples  of  single  observa- 
tions with  different  calorimeters,  and  give  an  idea  of  the  order  of 
accuracy  attainable  by  this  method.  The  accuracy  of  course  di- 
minishes as  the  temperature  rises,  owing  to  the  greater  difficulty 
of  obtaining  satisfactory  regulation  in  the  water-jacket  at  the  higher 
points. 

The  curve  shows  clearly  that  the  minimum  point  occurs  at  40^ 
instead  of  30^.  The  experiments  of  Rowland  did  not  extend  suffi- 
ciently beyond  his  minimum  point  to  obtain  a  satisfactory  determi- 
nation. The  value  of  the  specific  heat  could  not  be  determined  by 
his  method  with  the  same  accuracy  at  the  extremities  of  the  range 
as  in  the  middle,  and  all  the  probable  errors  of  the  method  would 
be  greatly  increased  as  the  temperature  of  the  calorimeter  was  raised 
above  its  surroundings.  In  particular,  the  corrections  and  changes 
of  zero  of  the  mercury  thermometers,  and  the  rate  of  external  heat 
loss,  would  be  excessive  at  the  higher  points.  In  the  present  work, 
however,  there  are  no  thermometric  difficulties  of  this  nature,  owing 
to  the  use  of  platinum  thermometers,  and  the  external  heat  loss  in- 
creases very  little  as  the  temperature  is  raised,  because  the  external 
water-jacket  is  always  at  the  same  temperature  as  the  inflowing 
water,  so  that  the  mean  excess  of  temperature  is  always  nearly  the 
same.  Another  indication  that  the  temperature  of  minimum  spe- 
cific heat  is  not  far  below  the  middle  of  the  range  is  given  by  the 
experiments  of  Regnault,  and  more  recently  by  those  of  Reynolds 
and  Moorby,  on  the  mean  specific  of  water  between  0°  and  100°  C. 
Their  results  by  entirely  different  methods  agree  in  showing  that  the 
mean  specific  heat  over  the  whole  range  does  not  greatly  exceed  the 
value  at  20°  C. 

The  present  work  shows  that  the  specific  heat  of  water  ap- 
proaches an  exceedingly  high  value  at  0°.  The  observations  at 
0.6®,  1.5®,  2°  and  4°  were  obtained  by  using  rises  of  temperature  of 
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I  ^>  3^1  4°  and  8°  with  tlie  inflow  water  nearly  at  o°.  This  rapid  in- 
crease, shown  by  these  points,  was  foreseen  by  Rowland,  but  not 
shown  in  his  work. 

It  is  interesting  to  compare  the  absolute  values  of  the  specific 
heat  deduced  by  the  electrical  method  with  those  of  Rowland  by 
the  mechanical  method.  For  this  purpose  the  authors*  results,  and 
those  of  Griffiths  (G.),  and  of  Shuster  and  Gannon  (S.  and  G.),  have 
been  reduced  to  joules  on  the  assumption  that  the  absolute  value 
of  the  E.  M.  F.  of  the  Clark  cell  is  that  found  by  Glazebrook  and 
Skinner,  assuming  Lord  Rayleigh*s  value  of  the  electro-chemical 
equivalent  of  silver,  and  taking  the  international  ohm  as  correct.  It 
has  been  pointed  out  that  the  results  of  Griffiths  would  be  brought 
into  harmony  with  those  of  Rowland  by  supposing  that  the  true 
E.  M.  F.  of  the  Clark  cells  employed  was  about  2  millivolts  lower, 
or  one  part  in  700.  The  authors'  results,  however,  lie  about  mid- 
way between  those  of  Rowland  and  Griffiths,  and  would  require  a 
correction  of  only  i  millivolt,  if  the  whole  of  the  difference  were  to 
be  ascribed  to  the  Clark  cell.  It  is  not  at  all  likely  that  the  cells 
used  in  this  work  can  have  exceeded  the  B.  O.  T.  standard  by  so 
much  as  i  millivolt,  or  that  the  resistance  standards  can  have  been 
incorrect  by  as  much  as  one  part  in  700.  It  is  most  likely  that 
both  the  Clark  cells  and  the  resistance  standards  agreed  with  those 
used  by  Griffiths  to  within  one  or  two  parts  in  10,000  and  that  the 
difference  of  the  results  is  mainly  to  be  attributed  to  the  radical  dif- 
ference in  the  methods  of  calorimetry.  In  view  of  the  recent  deter- 
minations of  the  absolute  value  of  the  Clark  cell  made  by  Kahle 
and  later  by  Carhart  and  Guthe,  the  authors'  value  at  20°  C.  is  re- 
duced assuming  the  new  value  of  the  Clark  cell,  /.  ^.,  1.4330  volts. 
This  has  the  effect  of  lowering  the  specific  heat  and  causing  it  to  al- 
most exactly  coincide  with  Rowland's  corrected  value  at  the  same 
temperature.  The  complete  variation  curve  would  then  be  lowered 
the  same  amount  had  the  new  Clark  cell  value  been  used  in  its  de- 
duction. 

These  and  similar  questions  relating  to  the  absolute  values  of  the 
standards  used  do  not  affect  the  accuracy  of  the  relative  results  as 
regards  the  variation  of  the  specific  heat  of  water  with  temperature. 
The  relative  results  are  regarded  by  the  authors  as  being  as  accu- 
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rate  as  the  present  apparatus  is  capable  of  afTording.  By  far  the 
most  important  consideration  affecting  the  form  of  the  curve  is  the 
particular  thermometric  scale  to  which  the  results  are  reduced.  If, 
for  instance,  the  results  were  expressed  in  terms  of  the  platinum 
scale,  which  differs  from  the  absolute  scale  by  only  0.38°  C»  at  50® 
C,  when  the  divergence  is  a  maximum,  the  curve  would  be  that 
represented  by  the  dotted  line  in  the  figure.  The  authors'  variation 
curve  is  deduced  from  this  by  the  usual  parabolic  formula,  which 
gives  results  in  practical  agreement  with  the  Paris  scale. 

Since  the  discussion  of  the  thermal  unit  introduced  by  Griflfiths 
at  the  British  Association  meeting  of  1895,  and  partly  in  conse- 
quence of  the  general  interest  excited  by  that  discussion,  so  many 
new  facts  have  been  brought  out,  and  so  much  experience  has  been 
gained  of  the  practical  effect  of  the  proposals  then  made,  that  it  appears 
desirable  to  discuss  more  fully  the  bearing  of  the  present  work  on 
the  general  question  of  the  relation  between  the  various  thermal 
units. 

Dieterici  ^  made  a  determination  of  the  mean  specific  heat  in  terms 
of  the  electrical  units  by  means  of  a  Bunsen  ice-calorimeter.  His 
result  gives  4.233  joules  as  the  value  of  the  mean  specific  heat  of 
water  in  absolute  measure  between  0°  and  100°  C. 

Winkelmann'  endeavored  to  connect  this  result  with  Rowland's 
at  low  temperatures  by  assuming  a  parabolic  formula  for  the  mode 
of  variation,  and  taking  the  minimum  value  at  30.6°  C.  to  be  0.9898 
of  the  value  at  0°  C.  This  formula  makes  the  ratio  of  the  mean 
specific  heat  between  o^  and  loo^  C.  to  the  specific  heat  at  20^  C.  to 
be  1. 01 20.  According  to  Regnault's  formula  the  same  ratio  would 
be  1.0038.  If  we  take  Rowland's  corrected  value  at  20^  C.  as 
4. 1 81  joules,  the  mean  value  between  o^and  100^  would  be  4.197 
joules  according  to  Regnault,  but  4.233  joules  according  to  Win- 
kelmann.  The  latter  gives  a  remarkable  coincidence  with  Dieterici, 
in  consequence  of  which  the  formula  of  Winkelmann  has  been  fre- 
quently quoted  and  employed  in  physical  investigation.  It  must  be 
remarked,  however,  that  Rowland's  curve  is  not  even  approximately 
parabolic  and  that  the  range  covered  by  his  observations  is  hardly 


>Wied.  Ann.,  33,  417  (iS 

•Handbook  of  Physics,  Vol.  II.,  Pt.  2,  p.  338. 
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sufficient  to  justify  this  method  of  treatment.  It  must  also  be  ob- 
served that  the  values  given  by  Winkelmann's  formula  for  the  specific 
heat  in  the  neighborhood  of  lOO®,  and  still  more  at  higher  temper- 
atures, are  so  large  that  they  cannot  possibly  be  reconciled  with  the 
experiments  of  Regnault  and  other  good  observers. 

Griffiths  ^  came  to  the  conclusion  from  a  comparison  of  his  ex- 
periments on  the  latent  heat  of  evaporation  of  water  at  30°  C.  and 
40°  C.  with  those  of  Dieterici  at  0°  C.  expressed  in  terms  of  the 
mean  specific  heat,  and  with  those  of  Regnault  on  the  total  heat  or 
steam  at  100°  C.  that  the  mean  specific  heat  must  be  very  nearly 
identical  with  the  specific  heat  at  15°  C,  although  Regnault's  di- 
rect experiments  made  the  ratio  from  o.  5  per  cent,  to  i  per  cent, 
larger.  At  his  suggestion  Prof  Joly  performed  the  inverse  experi- 
ment of  determining  the  mean  specific  heat  between  12°  and  lOO*' 
with  his  steam  calorimeter  in  terms  of  the  latent  heat  of  steam  at 
100°  taken  as  S 36.63  times  the  thermal  unit  at  15°  C.  The  result 
of  this  experiment  was  to  make  the  mean  specific  heat  appear  nearly 
0.5  per  cent,  smaller  than  the  specific  heat  at  15°  C.  If  we  sup- 
pose that  the  inversion  of  the  experiment  would  tend  to  reverse  the 
error  of  the  original  determination  of  the  latent  heat,  the  result 
would  appear  to  be  strongly  in  support  of  Griffith's  contention. 

Peabody,  in  the  preface  of  his  "  Tables  of  the  Properties  of  Satu- 
rated Steam"  (1896),  as  a  result  of  a  careful  discussion  of  Row- 
land's and  Regnault's  experiments,  adopts  Rowland's  values  from 
0°  to  40°,  and  expresses  his  results  in  terms  of  the  mean  specific  heat 
between  15°  and  20°.  He  finds  that  Regnault's  experiments  may 
be  sufficiently  represented  in  terms  of  this  unit  by  assuming  the 
specific  heat  to  be  constant  and  equal  to  1.008  between  the  Hmits 
45°  and  155°,  and  constant  and  equal  to  1.046  between  the  limits 
155°  and  200°  C.  This  assumption  would  make  the  mean  specific 
heat  between  0°  and  100**  have  the  value  1.0044  ^^  terms  of  the 
specific  heat  at  17.5°  C.,  or  the  value  1.0056  in  terms  of  the  specific 
heat  at  20°  C,  assuming  Rowland's  coefficient  of  diminution.  The 
general  effect  of  these  changes  is  to  make  the  tables  agree  fairly 
well  throughout  with  Regnault's  experiments,  but  the  method  can 
only  be  justified  on  the  ground  of  expediency,  and  can  hardly  be 

1  Phil.  Trans.,  7,  318  (1895). 
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regarded  as  a  satisfactory  reconciliation  of  conflicting  evidence  on 
account  of  the  assumed  discontinuities  in  the  specific  heat. 

Shaw^  gives  a  similar  reduction  of  Regnault's  experiments  by 
means  of  Rowland's  original  table,  but  tabulates  only  the  total  heat 
in  joules  at  each  point  between  100°  and  180°  C.  His  reduction 
shows  a  similar  flattening  of  the  curve  between  100°  and  150°,  as 
compared  with  Regnault's  formula.  This  may  be  a  physical  fact, 
but  might  also  be  explained  by  supposing  that  the  earlier  experi- 
ments at  108°  to  120**  were  about  0.4  per  cent,  too  high.  Shaw's 
reduction  expressed  in  terms  of  a  thermal  unit  at  20°  C.  is  given 
for  comparison  in  the  table. 

Recently  a  direct  determination  of  the  mean  specific  heat  in 
terms  of  the  mechanical  units  has  been  made  by  Reynolds  and 
Moorby  on  a  large  scale  with  Reynolds'  break  and  a  steam  engine. 
Their  results  expressed  in  absolute  measure  is  4.1832  joules,  and  is 
entitled  to  very  great  weight  on  account  of  the  minute  accuracy  of 
the  measurements,  and  the  full  discussion  of  possible  sources  of 
error.  It  exceeds  the  value  found  by  Rowland  at  20°  C.  by  only 
one  part  in  two  thousand,  but  is  no  less  than  1.20  per  cent,  smaller 
than  the  mean  value  found  by  Dieterici.  This  is  a  discrepancy  far 
too  large  to  be  explained  by  any  uncertainty  in  the  values  of  the 
electrical  units. 

Accepting  the  trustworthy  measurements  of  Reynolds  and 
Moorby  it  is  clear  that  the  minima  of  specific  heat  at  20°  and  30° 
indicated  by  the  work  of  Bartoli  and  Stracciati  and  of  Rowland 
respectively,  must  be  due  to  some  source  of  error  in  their  methods, 
and  that  all  formulae  hitherto  proposed  for  the  mode  of  variation 
of  the   specific   heat   between  0°  and  100°  must  be  abandoned. 

It  is  possible,  however,  to  deduce  a  more  satisfactory  comparison 
of  the  results  of  Rowland  with  those  of  Reynolds  and  Moorby  by 
means  of  the  present  series  of  experiments,  on  account  of  their 
great  range,  and  the  close  agreement  of  the  individual  observations. 
Neglecting  for  the  present  the  rapid  change  of  the  specific  heat  in 
the  immediate  neighborhood  of  0°  C,  it  may  be  observed  that  all 
the  authors'  observations  between  10°  and  60°  (with  the  exception 
of  one  at  55°)  are  represented  to  about  one  part  in  5,000  (/.  e,, 

» B.  A.  Report,  1896,  p.  162. 
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within  the  limits  of  agreement  of  the  observations  with  diflerent 
calorimeters  at  any  one  point)  in  terms  of  the  minimum  value  S^ 
at  40°  C,  by  the  simple  formula 

5,  =  5^  (  I  +  .ooooo4S(/  -  40°)' ). 

which  gives  for  the  mean  specific  heat  between  0°   and   /°  the 

formula 

S*  =s  5^(1.0072  —  .CXD018/  +  .0000015/*). 

If  this  formula  could  be  assumed  to  hold  beyond  these  limits  over 
the  whole  range  0°  to  100,  the  ratio  of  the  mean  specific  heat  be- 
tween 0°  and  100°  to  the  specific  heat  at  20°  would  be  1.0024. 
Assuming  Rowland's  4. 181  joules  at  20°,  this  ratio  would  give  the 
value  4. 191  joules  for  the  mean  specific  heat,  a  result  obviously  in 
excess  of  Reynolds'  and  Moorby's  4.183  joules. 

It  is  evident  from  the  observations  at  higher  temperatures  that 
the  variation  curve  is  not  symmetrical,  but  flatter  between  60°  and 
100°.  The  rate  of  change  of  the  specific  heat  at  100°  as  given  by 
the  above  formula,  if  extrapolated,  is  more  than  twice  as  great  as 
that  given  by  Regnault,  and  at  200°  about  four  times  as  great. 
The  experiments  of  Regnault  apply  particulariy  to  this  portion  of 
the  range,  for  which  they  have  remained  the  standard,  and  have 
been  so  universally  adopted.  It  would  be  desirable  to  retain  his 
formula  for  the  present,  with  such  change  as  would  make  it  fit  the 
present  experiments.  It  will  be  readily  seen  by  reference  to  the 
figure  that  Regnault's  curve  is  very  nearly  parallel  to  the  authors' 
curve  between  40°  C.  and  86°  C.  The  two  curves  can  then  be 
very  accurately  fitted  over  this  range  by  simply  subtracting  a  con- 
stant quantity  from  the  values  given  by  Regnault's  formula.  This 
method  leads  to  results,  which  require  the  simplest  modification  of 
existing  tables. 

Adopting  the  authors'  formula  between  10°  and  60*,  and  the  cor- 
rected formula  of  Regnault  from  60°  to  100°,  the  ratio  of  the  mean 
specific  heat  between  0°  and  100**  to  the  specific  heat  at  20°  is 
1. 00 1 4.  Taking  Rowland's  value  as  4. 181  joules  at  20°,  this  ratio 
would  give  4.1868  for  the  mean  specific  heat,  which  exceeds  the 
value  found  by  Reynolds  and  Moorby  by  less  than  one  part  in  a 
thousand — a  discrepancy  so  small  as  to  be   within  the  limits  of 
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Table  of  the  Specific  Heat  of  Water. 

Range  0°  to  6o°C. 

formula. 

St  =  0.9982  +  0.0000045  (/  —  40*')«. 


/•c. 

Joule.. 

St 

s..' 

h  Authors'  For- 
mula. 

Rowland  (re- 
duced). 

0 

4.203 

1.0054 

— 

— 

— 

5 

4.196 

1.0037 

1.0045 

5.023 

5.023 

10 

4.190 

1.0022 

1.0037 

10.037 

10.044 

15 

4.185 

1.0010 

1.0030 

15.045 

15.054 

20 

4.181 

1.0000 

L0024 

20.048 

20.057 

25 

4.178 

0.9992 

1.0018 

25.045 

25.053 

30 

4.176 

0.9987 

1.0013 

30.039 

30.043 

35 

4.174 

0.9983 

L0009 

35.032 

35.039 

40 

4.174 

0.9982 

L0006 

40.024 

Peabody 

45 

4.174 

0.9983 

1.0003 

45.016 

45.000 

50 

4.176 

0.9987 

1.0001 

50.008 

50.040 

55 

4.178 

0.9992 

LOOOO 

55.002 

55.080 

60 

4.181 

1.0000 

LOOOO 

60.000 

60.120 

Range  60®  to  220<'C.     Rcgnault  (Corrected). 
Fonnula  St  =  0.9944  +  0.00004/  +  0.0000009/*. 


60 

4.181 

LOOOO 

1.0000 

60.000 

60.12 

65 

4.184 

L0008     . 

1.0000 

65.002 

65.16 

70 

4.188 

1.0016 

1.0001 

70.008 

70.20 

75 

4.191 

L0024 

L0002 

75.018 

75.24 

80 

4.195 

1.0033 

L0004 

80.032 

80.28 

85 

4.199 

1.0043 

L0006 

85.051 

85.32 

90 

4.203 

1.0053 

L0008 

90.075 

90.36 

95 

4.207 

L0063 

1.0011 

95.105 

95.40 

100 

4.212 

1.0074 

1.0014 

100.138 

100.44 

110 

4.222 

1.0097 

1.0020 

110.22 

110.67  1 

120 

4.232 

1.0121 

L0028 

120.33 

120.73 

130 

4.243 

1.0148 

1.0036 

130.47 

130.80 

140 

4.255 

1.0176 

1.0045 

140.63 

140.88 

►^ 

150 

4.267 

L0206 

1.0055 

150.82 

15L01 

\ 

160 

4.281 

1.0238 

1.0066 

161.05 

161.20 

170 

4.295 

1.0272 

1.0077 

17L31 

17L61 

180 

4.310 

1.0308 

1.0089 

18L60 

182.14  J 

190 

4.326 

1.0345 

1.0102 

191.94 

— 

200 

4.342 

1.0384 

1.0115 

202.31 

— 

210 

4.359 

1.0425 

1.0130 

212.72 

— 

220 

4.377 

1.0467 

1.0145 

223.18 

— 
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possible  error  even  in  the  case  of  these  two  extremely  accurate  de- 
terminations. 

The  annexed  table  has  been  constructed  on  the  basis  of  the  above 
considerations  and  represents,  by  the  authors'  formula  combined 
with  the  corrected  formula  oi  Regnault,  the  variation  of  the  specific 
heat  of  water  between  o°  and  220°  C.  The  absolute  measure  at 
20*^  C.  given  by  Rowland,  u  e,,  4.181  joules,  is  taken  as  the  basis 
of  column  2.  The  values  of  the  specific  heat  are  worked  out  assum- 
ing a  unit  at  20*^  C.  and  neglecting  the  rapid  increase^  below  10®  C. 
The  general  efTect  of  this  table  is  to  diminish  the  extent  of  the  varia- 
tion hitherto  assumed,  but  it  is  believed  that  the  results  here  tabu- 
lated are  within  the  limits  of  error  of  all  the  best  determinations. 
The  order  of  agreement  may  be  inferred  from  a  comparison  of  the 
values  of  A,  the  total  heat  of  the  liquid,  given  in  the  last  two  columns. 
The  agreement  with  Rowland  is  within  i  in  3,000,  between  10*^  and 
40°,  and  with  Regnault  within  i  in  1,000  at  160®  C.  The  varia- 
tions of  Regnault's  individual  observations  exceed  5  parts  in  1,000. 

The  values  of  the  total  heat  h  are  obtainod  by  integrating  the 
specific  heat  from  o*'  to  f  by  the  formula.  By  adding  below  10° 
the  constant  quantity  .020  to  the  value  of  A  as  given  in  the  table, 
account  is  taken  of  the  rapid  increase  at  the  freezing  point. 

In  conclusion  it  may  be  stated  that  the  work  is  being  rapidly  con- 
tinued to  verify  the  points  obtained  above  60®  C.  The  observations 
at  the  higher  points  are  exceedingly  difficult  and  tedious  to  obtain 
but  with  the  present  arrangements  designed  especially  with  this 
object  in  view  observations  as  high  as  95*^  C,  will  probably  be  ob- 
tained. 

Macdonald  Physical  Laboratory,  McGill  University,  Feb.  3,  1900. 
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THE    MAGNETIC    MOLECULAR    SUSCEPTIBILITY    OF 
SALTS  OF  THE  IRON  GROUR 

By  O.  Liebknecht  and  A.  P.  Wills.* 

GUSTAV  WIEDEMANN  was  the  first  to  undertake  magneto- 
chemical  investigations  in  regard  to  the  behavior  of  the 
paramagnetic  salts  of  the  metals :  chromium,  manganese,  iron,  co- 
balt, nickel  and  copper.  He  used  a  torsion  method  with  a  non- 
uniform field.^  He  found  that  the  quantity  defined  by  him  as  the 
"  Molecularmagnetismus  "  is  nearly  independent  of  the  solvent,  the 
concentration,  and  especially  of  the  nature  of  the  anions  for  a  given 
temperature  and  cation  of  a  given  valency.  The  differences  always 
exceeded  the  experimental  errors  and  amount  in  general  to  2  or  3 
per  cent.  Therefore  he  found  a  mean  value  for  a  given  cation  and 
called  it  the  *'  Atommagnetismus."  The  atomic  magnetisms  of  the 
manganous,  ferrous,  cobaltus  and  nickelous  salts  were  as  ^  -|-  26, 
a  +  ^  6,  a  +  6,  a,  where  6=  1. 1 S^ ;  that  of  the  ferric  salts  exceeds 
that  for  the  ferrous  salts  by  about  1 5  per  cent. 

Not  long  since  G.  Jager  and  St.  Meyer  ^  published  some  striking 
measurements  made  with  a  modification  of  the  Quincke  mano- 
metric  method.  They  drew  the  conclusion  that  the  atomic  mag- 
netisms of  manganese,  iron,  cobalt,  nickel  are  as  6:5:4:2; 
this  agrees  with  the  proportion  given  above  if  a  =  6.  Their  re- 
sults were  obtained  from  the  chlorides,  sulphates  and  nitrates ;  with 
manganese,  cobalt  and  nickel,  only  the  bivalent  salts  could  be  used  ; 
on  the  other  hand  the  value  for  iron  was  taken  as  the  mean  of  the 
results  for  ferric  chloride,  ferrous  sulphate  and  ferric  nitrate. 

1  The  chief  results  were  communicated  to  the  Physikalische  Gesellschaft  on  the  30th 
of  June,  1899  ;  many  results  were  still  outstanding. 

«G.  Wiedemann,  Pogg.  Ann.,  126,  p.  I,  1^65 ;  135,  p.  177,  1868 ;  Wied.  Ann.,  5, 
P-  45»  1878;  P.  Plessner,  Wied.  Ann.,  39,  p.  336,  1890 ;  G.  Quincke,  Wied.  Ann.,  24, 
p.  392,  1885.  G.  Wiedemann,  Lehre  von  der  Elektricitat,  2.  Aufl.  3,  §J  1266-1291, 
1895.     J.  Koenigsberger,  Wied.  Ann.,  66,  p.  69S,  1898. 

»  G.  jager  und  St.  Meyer,  Wien.  Ber.  (2),  106,  pp.  594,  623,  1897  ;  107,  p.  5,  1898. 
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In  later  articles  Jager  and  St.  Meyer  use  for  ferrous  chloride  the 
relative  number  3  instead  of  5  as  above ;  further,  they  obtain  from 
chromic  chloride  and  chromic  sulphate  the  number  2. 5  for  chromium. 
In  the  light  of  these  results  it  seemed  to  us  desirable  to  make 
new  determinations  using  a  different  method.  We  have  made  quan- 
titative determinations  upon  36  salts  of  the  five  metals  of  the  iron 
group  and  of  copper.  Great  stress  was  laid  upon  the  procuring  of 
the  purest  material  possible,  and  all  salts  in  which  there  was  danger 
of  rapid  decomposition  were  discarded.  In  general,  we  have  stud- 
ied the  sufficiently  soluble  fluorides,  chlorides,  bromides,  iodides, 
sulphates  and  nitrates;  for  the  reason  just  mentioned,  it  was  not 
possible  to  study  many  of  the  iron  and  chromium  compounds.  The 
accuracy  of  our  final  results  may  vary  between 
2  aiid  5  parts  \\\  i  ,CK)0,  according  to  the  method 
used  in  the  chemical  analysis. 

We  used  the  zero  method  of  Prof,  du  Bois,^ 
which  permits  of  successful  manipulation  with 
very  small  quantities  of  the  substances  to  be 
studied ;  the  level  of  the  capillary  tube  in  the 
magnetic  field  can  be  so  adjusted  that  the  un- 
magnetic  solution  can  be 
prepared  with  great  preci- 
sion so  as  to  be  well  within 
the  limits  of  error  in  the 
subsequent  chemical  analy- 
sis. Briefly,  the  procedure 
is  as  follows :  A  conve- 
niently strong  paramagne- 
tic solution  is  prepared  and 
then  diluted  with  the  dia- 
magnetic  solvent  until  the 
solution  is  unmagnetic.  The 
practicability  of  the  method 
is  only  limited  by  the  susceptibility  and  solubility  of  the  salt. 
Sometimes  the  method  is  inadmissible  on  this  account  as,  for  ex- 
ample, in  the  case  of  potassium  chromate  and  bichromate  and  of 

»H.  du  Bois,  Wied.  Aan.,  35,  p.  154,  1888;  65.  p.  38,  1898. 
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potassium  and  calcium  permanganate.  These  peculiarly  constituted 
salts  are  well  known  to  be  but  weakly  paramagnetic ;  the  similarly 
constituted  dry  K^FeO^  proved  to  be  much  more  paramagnetic ;  the 
alkali  solution  decomposed  so  quickly  that  we  were  prevented  from 
making  a  quantitative  determination. 

As  a  criterion  for  the  unmagnetic  condition  of  the  solution,  the 
behavior  of  its  meniscus  in  a  Quet's  ^  capillary  tube  /  in  a  magnetic 
field  was  observed  (Fig.  i).  The  large  mixing  vessel  had  a  capac- 
ity of  about  600  ccm.;  it  could  be  closed  by  means  of  a  glass  stopper 
s,  and  could  be  separated  from  the  rest  of  the  apparatus  by  means 
of  the  glass  stopcock  c ;  the  arm  connected  with  the  mixing  vessel 
was  so  formed  that  fresh  capillary  tubes  could  be  suitably  introduced 
and  fixed  by  means  of  the  rubber  stoppers  at  sf  and  5".  The  space 
beyond  the  meniscus  in  the  capillary  tube  and  the  space  r  could  be 
filled  with  washed  moist  illuminating  gas.*  This  apparatus  was  fixed 
to  a  suitable  stand  permitting  a  rotation  about  a  horizontal  axis  per- 
pendicular to  the  plane  of  the  figure.  The  inclination  of  the  capil- 
lary tube  could  be  thereby  regulated  by  means  of  a  suitable  adjust- 
ing screw ;  and,  moreover,  by  means  of  a  vigorous  rotation  of  the 
apparatus  about  this  axis  a  thorough  mixing  of  the  solution  could 
be  attained.  At  m  is  represented  the  end  view  of  the  truncated 
conical  pole  piece  of  the  ring  electro-magnet. 

With  a  little  practice  a  very  short  time  sufficed  to  prepare  an  un- 
magnetic solution  with  an  accuracy  of  one  part  in  1,000,  so  that 
upon  excitation  of  the  electro-magnet  no  noticeable  motion  of  the 
meniscus  took  place.  At  each  dilution  the  mixing  apparatus  was, 
of  course,  well  shaken  and  each  part  well  washed  with  the  diluted 
solution,  so  that  the  solution  should  have  in  all  parts  the  same  con- 
centration as  at  the  meniscus.  Any  possible  local  change  in  the 
concentration  due  to  magnetic  influences  would  scarcely  have  time 
to  be  effected ;  furthermore,  though  such  an  effect  theoretically 

>Quct,  Comp.  Rend.,  38,  p.  562,  1854 ;  E.  Verdet,  OeuTres,  i,  p.  199 
*  1  he  susceptibility  of  illuminating  gas  was  neglected ;  as  far  as  known  it  amounts  at 
a  pressure  of  one  atmosphere  to  less  than  one  thousandth  of  that  of  water ;  compare  M. 
Faraday,  Exp.  Res.,  3,  p.  502,  1855;  ^-  Quincke,  Wied.  Ann.,  34,  p.  445,  1888;  A. 
Toepler  u.  R.  Hennig,  Wied.  Ann.,  34,  p.  796,  1888.  An  absolutely  unmagnetic  gas  can 
be  made  after  the  manner  of  an  unmagnetic  solution  by  mixing  a  little  oiygen  with  a  dia- 
magnetic  gas ;  compare  du  Bois,  1.  c,  p.  167  ;  of  course  it  is  here  tacitly  supposed  that 
the  permeability  of  a  vacuum  serves  as  the  unit  in  the  usual  conventional  way. 
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exists,  it  has  not  been  unmistakably  shown  experimentally.  ^  In 
case  the  capillary  is  inclined  toward  the  horizontal  by  a  fraction 
of  a  degree,  it  is  possible  with  a  field  of  40,003  c.  g.  s.  units,  to  de- 
tect a  differential  susceptibility  which  does  not  exceed  a  hundred 
thousandth  of  that  of  water.  On  account  of  the  above  mentioned 
limits  of  error  in  the  chemical  analysis,  it  was  useless  to  try  for  such 
accuracy  as  this,  so  that  as  a  rule  a  much  less  sensitive  adjustment 
was  employed. 

The  procuring  and  cleaning  of  the  capillary  tubes  offered  at  first 
some  difficulties.  Finally  the  freshest  possible  tubes  from  Thiirin- 
ger  glass  were  used,  these  being  kept  under  water  until  required.  * 
With  these  the  mobility  of  the  meniscus  was  satisfactory.  Any  in- 
fluence of  the  breadth  of  the  capillary  tube  used  upon  the  concentra- 
tion of  the  unmagnetic  solution  contained  therein,  could  not  be  de- 
tected. This  furnished,  as  is  easy  to  see,  an  indirect  proof  that  the 
capillary  constants  of  unmagnetic  solutions  are  quite  unaltered  in 
the  magnetic  field. 

This  independence  of  the  surface  tension  of  magnetic  influences 
seems  to  obtain  in  general. 

Brunner  and  Mousson '  have  fruitlessly  sought  such  an  action, 
whereby  they  seem  to  have  overlooked  the  well  known-Quincke 
effect  of  elevation  (or  depression)  in  the  magnetic  field,  which,  how- 
ever, W.  Wertheim  *  probably  observed.  Quincke  *  first  undertook 
drop  experiments  with  strong  paramagnetic  manganese  and  iron 
solutions ;  he  found  that  the  weight  of  a  drop  was  unaltered  by  a 
uniform  magnetic  field  and  assumed,  therefore,  the  constancy  of  the 
surface  tension  of  such  solutions.  On  the  other  hand,  in  a  non- 
uniform field  between  conical  pole  pieces  the  drops  of  manganese 
chloride  as  of  iron  chloride  were  larger  or  smaller  upon  the  excita- 
tion of  the  magnetism  according  as  they  formed  under  or  above  the 
shortest  lines  of  force. 

'  Compare  with  G.  Wiedemann,  Elcctricitat,  2,  Aufl.  3,  }  120$,  1895. 

*G)mpare  P.  Volkmann,  Wied.  Ann.,  66,  p.  194,  1898. 

'C.  Brunner  u.  A.  Monsson,  Pogg.  Ann.,  79,  p.  141, 1850. 

*W.  Wertheim,  Comp.  rend.,  44,  p.  1022,  1857;  Pogg.  Ann.,  102,  p.  595,  1857. 

«G.  Quincke,  Pogg.  Ann.,  i6o,  p.  586,  1877;  Wied.  Ann.,  24,  p.  375, 1885.  Com- 
pare also  Durchflussbeobachtungen  by  H.  Dufour,  Lum.  Electr.,  23,  p.  337,  1887 ;  like- 
wise G.  Jftger  u.  St.  Meyer,  Wied.  Ann.,  67,  p.  711,  1889. 
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For  a  further  investigation  of  these  phenomena  we  constructed 
an  apparatus  (Fig.  2)  by  means  of  which  the  formation  of  the  drop 
could  take  place  at  the  nozzle  n  which  was  of  about  i  mm.  inside 
breadth,  and  at  the  proper  pressure  and  at  different  rates,  and  more- 
over either  in  a  uniform  field  of  about  i8,0(X)  c.  g.  s.  units  between 
surface  pole  pieces,  or  in  a  non-uniform  field  of  about  40,CX)0  c.  g.  s. 
units  between  conical  pole  pieces  M  and  J/'  and  while  the  nozzle 
was  placed  in  the  position  of  greatest  field  intensity.  The  vessel  A 
was  in  connection  through  5  with  the  reservoir  B  in  which  the  level 
of  the  liquid  could  be  regulated.  The  space  r,  r  could  be  con- 
nected through  the  cock  c  with  a  pump ;  the  pressure  regulated  in 
this  manner  was  read  off  on  the  manometer 
m.  A  number  of  experiments  were  carried 
out  with  this  apparatus  and,  briefly  stated, 
the  results  are  as  follows  : 

Paramagnetic  solutions  show  in  a  uniform 
field,  an  increased  rate  of  dropping  when  the 
magnetic  force  upon  the  liquid  column  acts 
downwards  ;  through  diminution  of  the  pres- 
sure the  original  rate  being  again  approxi- 
mately established,^  the  weight  of  the  drop 
suffers  no  change.  On  the  other  hand,  we 
observe  an  enlargement  of  the  drop  in  a  non- 
uniform field ;  the  form  of  the  drop  is  then 
changed  and  depends  upon  the  particular 
distribution  of  the  field  as  regards  the  sense 
and  manner  in  which  it  happens.  These  experiments  confirm 
Quincke's  results  and  conclusions. 

Diamagnetic  water  shows  in  a  uniform  field  a  slower  rate  of  drop- 
ping when  the  magnetic  force  is  directed  upwards  and,  therefore, 
against  the  hydrostatic  pressure ;  under  proper  conditions  the  drop- 
ping may  be  quite  stopped  through  excitation  of  the  field.  If  the 
original  rate  of  dropping  be  restored  through  increase  of  the  pres- 
sure the  weight  of  the  drop  suffers  no  change.  In  a  non-uniform 
field  the  weight  appeared  less  with  the  arrangement  used,  and  more 
so  the  less  uniform  the  field. 

1  This  must  be  done  because,  as  well  known,  the  rate  under  ordinary  conditions  exerts 
a  small  secondary  influence  upon  the  weight  of  the  drop. 


Fig  2.   >i  natural  size. 
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Unmagnetic  solutions  are  not  at  all  influenced,  as  regards  the 
magnitude  of  the  drop,  through  excitation  of  the  field  if  the  drops 
fall  in  an  atmosphere  of  illuminating  gas.  Toward  air  they  behave, 
naturally,  like  a  weakly  diamagnetic  liquid.  This  simple  criterion 
has  an  application  in  the  preparation  of  unmagnetic  solutions ;  in 
accuracy  this  procedure  is  inferior  to  the  method  already  described 
and  the  one,  as' a  rule,  used  by  us. 

Theory  of  the   Method. 

The  extension  of  our  knowledge  of  magnetic  phenomena  might 
be  expected,  from  the  first,  in  a  thorough  investigation  of  the  ther- 
mo-magnetic  and  magneto-chemical  processes.  It  would  seem  then 
to  be  not  superfluous  to  give  in  this  place,  concisely  as  possible, 
the  elementary  conceptions  connected  with  calculations  on  this  sub- 
ject. The  reference  of  the  magnetic  moment  to  the  unit  of  mass, 
once  much  employed,  has  been  quite  displaced  in  consequence  of 
the  advanced  development  of  the  mathematical  theory  of  electro- 
magnetism,  because  in  mathematical  physics  the  reference  to  the 
unit  of  volume  is  simpler.  Professor  du  Bois  ^  has  shown  that  in  some 
cases  it  is  desirable  to  return  to  the  original  method,  because  the  re- 
sults are  in  many  respects  more  easily  comparable  when  .the  variable 
density  is  eliminated.  Since  magnetic  processes  are  essentially 
molecular  it  is  still  better  to  refer  them  for  stoichiometrical  pur- 
poses to  molecular  masses. 

In  what  follows  m  means  molecular  weight ;  M^  mass  ;  3R,  mag- 
netic moment;  ©,  specific  magnetization,  /.  r.,  moment  per  unit  of 
mass  ;  ^,  field  intensity  ;  f,  specific  susceptibility  defined  by  the  re- 

lation  ;  =  -^.      The  molecular  susceptibility  i^  is  now  defined  by 

the  equation  .  wS 

In  what  follows,  the  subscripts  /,  w,  s  refer  respectively  to  the 
solution,  solvent  and  salt.     On  account  of  the  additive  properties, 

»H   du  Bois,  Phil.  Mag.  (5),  29,  p.  293,  1890. 

*If  we  designate,  as  customary,  the  density  with  />,  the  magnetization  with  J,  the 

susceptibility  according  to  the  ordinary  definition  with  x,   then  is  i&  =  ^  and  1=^* 

Compare  J.  Koenigsberger,  Wied.  Ann.,  66,  p.  698,  1888. 
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first  shown  by  G.  Wiedermann,  of  the  quantities  here  coming  into 
consideration,  the  following  equation  obtains  for  a  solution  in  a 
uniform  field 

an,  =  aw,  +  an.. 

The  influence  of  form  as  well  as  the  therewith  connected  magnetic 
interaction  of  the  separate  similar  or  dissimilar  volume  elements  may 
be  with  the  strongest  paramagnetic  solutions  disregarded  since  the 
square  of  the  susceptibility  in  comparison  with  unity  is  quite  negli- 
ble.  In  particular  for  an  unmagnetic  solution  aR,  =  o  therefore 
aw,  =  —  aW^  or  S,  J/,  =  —  S^  M^.     After  division  by  ^  we  get 

i 
and  the  relative  molecular  susceptibility  -^^  of  the  salt  becomes  finally 

(^)  --  =  --§' 

i,  ^.,  equal  to  the  negative  product  of  the  molecular  weight  into  the 

mass  ratio  of  the  solvent  and  salt.     This  value  of  i^  holds  not  only 

for  the  particular  concentration   of  the   unmagnetic   solution   but 

quite   generally  ;^  whether,  considering  the   accuracy   of  our  new 

method,  it  is  quite  independent  of  the  kind  of  solvent  can  only 

be  decided  by  a  special  series  of  experiments ;  it]changes  markedly 

with  the  temperature. 

Professor  du  Bois  has  shown  that  the  behavior  of  an  unmagnetic 

solution  in  fields  of  different  intensities  permits  a  conclusion  as  to 

the  constancy  of  the  susceptibility  and  has  shown  this  constancy  to 

exist  with  fields  up  to  io,0(X)  c.  g.  s.  units. 

If  the   constitution   of    the    unmagnetic   solution  measured  by 

M 

-j,j,    is  independent  of  the  field  intensity,  then  it  follows  directly 

from  equation  (i)  that  the  relative  susceptibility  with  reference  to 

water  -•-  is  also  independent  of  the  field. 
K 

^  According  to  the  results  of  various  investigators ;  compare  with  J.  Koenigsberger, 
1.  c,  p.  708. 

«  H.  du  Bois.  Wied.  Ann.,  35,  p.  155,  i888. 
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In  fact,  such  a  dependency  was  not  found  for  any  of  the  unmag- 
netic  solutions  investigated,  and  this  holds  for  the  extended  range 
of  fields  between  2,cx)0  and  40,003  c.  g.  s.  units.  Now  it  can  be  as- 
serted with  a  probability  bordering  upon  certainty  that  the  variations 
of  the  susceptibility  of  water  would  not  be  followed  exactly  propor- 
tionately by  those  of  the  different  salts.  Therefore,  the  constancy 
of  the  absolute  susceptibility  of  the  dissolved  salt,  as  of  water,  within 
the  specified  range  of  fields,  follows  from  the  constancy  of  the  sus- 
ceptibility of  the  dissolved  salt  relative  to  water. 

Furthermore,  it  is  very  improbable  that  the  susceptibility  for 
weaker  fields  would  be  variable.^  In  the  results  to  follow  the  con- 
stant susceptibility  of  water  enters  everywhere  as  a  principal  factor. 
We  have  the  following  determinations  for  this  factor  which  have 
been  recalculated  so  as  to  refer  to  a  temperature  of  i8*,  and  to  a 
vacuum  ;  the  susceptibility  of  air  at  one  atmosphere  pressure  and 
18®  was  taken  as 0.023  x  10 ~*.* 

Table  I. 


Temperature  18°. 

Toward  Vacuum. 

1885 

G.  Quincke  (most  accurate 

V  alue) 

K 0.797  XIO-^ 

1888 

H.  du  Bois 

-0.831       " 

1892 

S.  Henrichsen 

-0.727       " 

1895 

P.  Curie  (mean  value) 

-0.788       '* 

1896 

J.  S.  Townsend 

-0.735       " 

1898 

J.  Koenigsberger 

-0.785       " 

1899 

G.  jager-St.  Meyer  (mean 

value) 

-0.645       *' 

Mean  value    k- -0.758  X  10"^ 


Since  Dy^p  -0.9987,  iy,  becomes  -  0.759  X  10-« 


In  consideration  of  the  obvious  uncertainty  of  the  value  of  the 
fundamental  constant  i^  and  its  temperature  coefficient  we  have 
for    the   present   designated   it   by  x  and   taken   the    molecular 

>  G>mpare  Vgl.  F.  Auerbach  in  Winkelmann's  Handbuch  der  Physik,  3,  2  Abth., 
p.  217.     Breslau,  1895. 

«G.  Quincke,  Wied.  Ann.,  24,  p.  404,  1885 ;  H.  du  Bois,  Wied.  Ann.,  35,  p.  167, 
1888 ;  S.  Henrichsen,  Wied.  Ann.,  45,  p.  53,  1892 ;  P.  Curie,  Th6sc  Nr.  840,  p.  31, 
Paris,  1895;  J.  S.  Townsend,  Proc.  Roy.  Soc.,  60,  p.  186,  1896;  Beibl.  20,  p.  796, 
1896;  J.  Koenigsberger,  Wied.  Ann.,  66,  p.  703,  1898  ;  G.  Jiger  und  St  Meyer,  Wied. 
Ann.,  67,  pp.  427  u.  707,  1899.  '^c  old  determinations  of  M.  Faraday,  E.  Becquerel, 
J.  Schuhmeister  and  the  value  of  Theodore  Wahner*s  which  falls  so  far  out  are  not  con- 
sidered. 
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susceptibility  relative  to  it ;  and  then  in  order  to  obtain  approxi- 
mate absolute  values  we  have  taken  provisionally  x=— 0.75. 
io~*.  A  thorough  discussion  of  the  above  values  and  further  ac- 
curate new  determinations  would  be  desirable.  So  soon  as  these 
can  be  carried  through  with  the  accuracy  with  which  the  relative 

values  —  are  determined,  the  reduction  of  the  latter  to  absolute 

X 

numbers  may  be  easily  accomplished. 

The  constitution  of  an  unmagnetic  solution  is  variable  with  the 
temperature ;  we  have  therefore  carefully  maintained  a  normal  room 
temperature  of  i8°C.^  The  unmagnetic  solutions  prepared  ac- 
cording to  this  are  then  at  higher  (lower)  temperatures  somewhat 
diamagnetic  (paramagnetic)  because  the  temperature  coefficient  for 
the  salt  is  always  greater  than  for  the  water. 

In  case  the  latter  were  accurately  known,  the  former  for  different 
salts  could  easily  be  determined.^ 

The  Chemistry  Details. 
Most  of  the  salts,  were  pure  preparations  from  Kahlbaum  or 
Merck,  and  were,  when  possible,  many  times  recrystallized  before 
use.  Most  of  the  fluorides,  bromides  and  iodides  were  prepared 
by  one  of  us  from  pure  carbonates.  The  nickel  salts  were  pro- 
cured from  Kahlbaum  as  "  cobalt-free "  and  the  cobalt  salts  as 
"  nickel-free  "  ;  the  influence  of  the  chemically  unrecognizable  im- 
purities present  cannot  make  a  difference  in  the  molecular  suscepti- 
bility fonnd  of  more  than  0.5-per-cent.  solutions,  which  especially 
incline  to  decomposition,  e,  g.,  MnF,  MnCl,  FeSo,  FeCl,  FeBr, 
were  usually  treated  with  a  free  acid  ;  this  was  without  notice- 
able influence  on  the  results  since  the  susceptibility  of  the  acid  added 
differs  little  from  that  of  water  ;  the  ferrous  iodide  contained  some 
free  iodine.  Where  a  gradual  decomposition  was  to  be  feared,  the 
solution  was  analyzed  as  soon  as  prepared ;  quickly  decomposable 
solutions  were  not  investigated,  as  already  remarked ;  of  course, 

1  Compare  F.  Kohlrausch  and  L.  Holbom,  Leitverm5gen  der  Elektrolyte,  Leipzig, 
1898. 

*  In  such  measurements,  an  unmagnetic  atmosphere  should  bound  the  liquid.  The 
marked  dependence  of  the  susceptibility  of  oxygen  relative  to  air  upon  the  temperature, 
which  has  already  been  mentioned,  would  otherwise  bring  in  a  considerable  error. 
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care  was  taken  that  no  dilution  or  concentration  change  should  take 
place  after  the  solution  was  once  prepared.  The  gravimetric  analysis 
was  carried  out  for  the  chromium  salts  by  precipitating  them  with 
ammonia  as  hydroxides.  The  manganese  solutions  were  precipi- 
tated with  phosphorus-free  hydrogen  peroxide  and  ammonia  as 
oxides  and  weighed  as  mangano-manganic  oxides.  The  iron  salts 
were  determined  in  part  with  potassium  permanganate  by  titration 
and  in  part  precipitated  with  ammonia  as  hydroxides.  Finally,  the 
cobalt,  nickel  and  copper  were  electrolytically  precipitated,  the  two 
first  in  a  neutral  solution  with  ammonium  oxalate  and  the  copper 
in  a  solution  of  sulphuric  add  containing  a  little  nitric  acid. 

Results. 
Our  quantitative  results  are  collected  into  Table  II.  q  designates 
the  valency  of  the  cation  of  the  salt ;  a  the  atomic  weight ;  the 
metals  are  arranged  according  to  their  increasing  atomic  weights.^ 
The  position  of  cobalt  and  nickel  in  the  series  is  reversed,  however, 
after  mature  consideration.  For,  according  to  the  collective  prop- 
erties in  the  metallic  or  amalgamated  condition,  and  in  the  con- 
dition as  a  paramagnetic  compound,  cobalt  stands  nearer  to  iron 
than  does  nickel ;  likewise  for  the  chemical  properties.  In  the  col- 
umn before  the  last  is  given  the  relative  molecular  susceptibility 
X,  which  is  calculated  from  the  equation  given  above.  In  the  last 
column  the  absolute  value  is  given  under  the  provisional  assump- 
tion ;r  =  —  0.75  X  io~*  which  number  may  be  a  number  of  per  cent. 
false. 

1  The  atomic  weights  are  from  those  collected  by  the  Gennan  Chemical  Society 
(Chem.  Ber.,  31,  p.  2761,  i898;Wied.  Beibl.,  23,  pp.  69  und  315,  1899,  whereby 
O  =  16.00 ).  The  question  as  to  the  atomic  weight  of  cobalt  and  nickel  is  still  a  subject 
of  chemical  discussion;  compare  CI.  Winkler,  Zeitsch.  anorg.  Chem.,  17,  p.  236,  1898; 
Th.  W.  Richards  and  G.  P.  Baxter,  1.  c,  21,  251  and  22,  p.  221,  1899;  St.  Meyer, 
Wied.  Ann. ,  69,  p.  263,  1899,  hints  at  the  possibility  of  an  inverted  order  in  the  series. 

'Recalculated  according  to  the  collection  of  W.  Ostwald,  Stoichiometrie,  2.  Aufl.,  p. 
512,  Leipsig,  1891. 
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Table  ] 

[I. 

Temperature  18°C. 

jr  *«  — 

0.75  X  10-« 

Name  of  Salt  Id  Water 
Solution. 

^ 

Formula. 

0- 

-x6.oo 

-^-     1     +'• 

a 

52,1 

392,38 

;r       1             " 

1 1  Chromium  Sulphate. 

3 

Cr,(SO,), 

40,73 

2X7990   0,00599 

2  1  Chromium  Potass.  Alum. 

3 

CrK(SOJ, 

52,1 

283,37      29,63 

8400    0,00629 

3  ;  Chromium  Amm.  Alum. 

3 

CrNH,(SOJ, 

52,1 

262,30     30,77 

8070  1  0,00605 

4 

Chromium  Nitrate. 

3 

Cr(N03)3 

52,1 

238,22     35,28 

8400 !  0,00629 

5 

Manganous  Fluoride. 

2 

MnFj 

55,0 

93,00 

215,71 

20060   0,01504 

6 

Manganous  Chloride. 

2 

MnCl, 

55.0 

125,90 

163.10 

20530   0,01540 

7 

Manganous  Bromide. 

2 

MnBr, 

55,0 

214.92 

94,63 

20340   0,01524 

8 

Manganous  Iodide. 

2 

Mnlj 

55,0 

308,70 

65,49 

20220   0,01516 

9 

Manganous  Sulphate. 

2 

MnSO, 

55,0 

151,06 

133,65 

20190    0,01514 

10 

Manganous  Ammon.  Sul. 

2 

Mn(NH,),(SO,), 

55,0 

283,28 

71,04 

20130   0,01509 

11 

Manganous  Nitrate. 

2 

Mn(N08), 

55,0 

179,08 

114,37 

20480 '  0,01536 

1 

12 

Ferrous  Iodide. 

2 

Fel, 

56,0 

309,70 

55.18 

17090   0,01282 

13 

Ferrous  Sulphate. 

2 

FeSO, 

56,0 

152,06    111,72 

16990    0,01272 

14 

2 

Fe(NH,),(SOJ, 

56,0 

284,28      59,42 

16890    0,01268 

15 

Ferric  Chloride. 

3 

FeCl, 

56,0 

162,35 

111,14 

18040   0,01356 

16 

Ferric  Bromide. 

3 

FeBr, 

56,0 

295,88 

66,77 

19750   0,01482 

17 

Ferric  Sulphate. 

3 

Fe,(SOJ, 

56,0 

400,18 

101,06 

2X20200   0,01515 

18 

Perric  Ammon.  Alum. 

3 

Fe(NHJ(SOJ, 

56,0 

266,20 

75,64 

20140  \  0,01510 

19 

Ferric  Ammon.  Oxalate. 

3 

Fe(NHJ(SA), 

56,0 

250,08 

81,75 

20450  1  0,01533 

20 

Ferric  Nitrate. 

3 

Fc(NO,), 

56,0 

242,12 

74,48 

18030   0,01352 

21 

Cobaltous  Fluoride. 

2 

CoF, 

59,0 

97,00 

142,60 

13830   0,01037 

22 

Cobaltous  Chloride. 

2 

CoCl, 

59,0 

129,90 

108,21 

14060   0,01054 

23 

Cobaltous  Bromide. 

2 

CoBr, 

59,0    218,92 

63,13 

13820   0,01036 

24 

Cobaltous  Iodide. 

2 

Col, 

59,0    312,70 

44,08 

13790    0,01034 

25 

Cobaltous  Sulphate. 

2 

CoSO, 

59,0 

155,06 

87.65 

13590    0,01019 

26 

Cobaltous  Nitrate. 

2 

Co(NO,), 

59,0 

183,08 

76,62 

14030   0,01052 

27 

Nickelous  Fluoride. 

2 

NiF, 

58,7 

96,70 

61.50 

5950    0,00446 

28 

Nickelous  Chloride. 

2 

NiCl, 

58,7 

129,60 

46,02 

5960  1  0,00447 

29 

Nickelous  Bromide. 

2 ,  NiBr, 

58,7 

218,62 

27,00 

5900   0,00442 

30 

Nickelous  Iodide. 

2 

Nil, 

58,7 

312.40 

18,62 

5820  1  0.00436 

31 

Nickelous  Sulphate. 

2 

NiSO, 

58,7 

154,76 

37,39 

5790   0,00435 

32 

Nickelous  Nitrate. 

2 

Ni(NO,), 

58,7 

182,78 

32,31 

5910  1  0,00443 

33 

Cupric  Chloride. 

2 '  CuCl, 

63,6 

134,50 

16,33 

2200   0,00165 

34 

Cupric  Bromide. 

2 

CuBr, 

63,6 

223,52 

9,40 

2090   0,00157 

35 

Cupric  Sulphate. 

2 

CuSO^ 

63,6    159,66 

13,72 

2190   0,00164 

36 

Cupric  Nitrate. 

2:Cu(NO,), 

63,6  {  187,68 

11.54 

2170   0,00163 

_ 

_ 

—  --          — 

— — 

— 
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From  the  series  of  numbers  in  the  foregoing  table  we  may  draw 
the  following  conclusions  :  The  molecular  susceptibility  shows  the 
well-known  increase  from  chromium  to  manganese  and  iron  and 
then  a  gradual  decrease  to  copper.  The  four  halogen  salts  cQuld 
be  investigated  unobjectionably  as  bivalent  salts  only,  in  the  case 
of  manganese,  cobalt  and  nickel ;  there  occurs  here  again  a  re- 
gular increase  from  the  fluoride  to  the  chloride  with  a  following 
decrease  to  the  iodide.  Simple  additive  or  subtractive  properties 
are  obviously  not  present. 

The  approximate  coincidence  of  the  chlorides  and  nitrates  is 
striking  throughout ;  in  connection  with  the  ferric  compounds  it  is 
noticeable  that  the  bromides,  sulphates,  oxalates,  give  values  which 
are  1 2  per  cent,  higher  than  those  which  the  ferrous  compounds 
furnish ;  this  agrees  with  the  results  found  by  G.  Wiedemann. 
Moreover,  the  difference  among  the  separate  salts  amounts  to  5  per 
cent.,  so  that  the  introduction  of  a  fixed  atomic  susceptibility  for 
the  cation  cannot  be  allowed  without  considerable  arbitrariness. 
That  this  quantity  exerts  by  far  the  chief  influence  upon  the  value  of 
the  molecular  susceptibility  has,  of  course,  never  been  doubted. 
We  have  investigated  the  sulphates  of  six  metals.  These  are  suit- 
able Tor  comparison  with  earlier  observed  values  and  with  the  pro- 
posed algebraic  relations  which  are  collected  in  Table  III. 

Table  III. 


Observer. 

Cr'"        Mn" 

Fe" 
16990 

Fe'" 

Co" 

Nl"    Icu" 

Liebknccht-Wills  (from  exp.) 

7990  i  20190 

20200 

13590 

5790  1  2190 

.4      i^^Vf=a) 

1.38a    3.49« 

2.93a 

3.49a 

2.35a 

a      0.38a 

"      (iJ==1.2Stf) 

1  3.S0«    2.88« 

.2.2Sa 

a 

G.  Wiedemann  (exp.  ^V'—a) 

1.34/1    3.29a 

2.74a 

3.26a    2.26a 

a 

jager-Meycr:  {^^V^=a^b) 

3a 

2.5a 

2a 

a 

^ 

Our  values  for  the  sulphates  of  Mn,  Fe,  Co  and  Ni  may  be  ap- 
proximately represented  by  Wiedemann's  proportion,  whereby 
b^  1.25a;  of  course,  only  two  of  the  latter  numbers  are  inde- 
pendent since  Mn  and  Ni  serve  to  determine  the  parameters  a  and 
b ;  putting  ^  =  ^  does  not  give  an  agreement  with  our  results. 
Finally,  these  are  with  respect  to  nickel  everywhere  larger  than 
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those  of  Wiedemann,  also  than  those  of  Jager  and  Meyer ;  the 
departure  can  only  be  explained  in  case  the  nickel  compounds  in- 
vestigated by  these  observers  should  have  contained  cobalt ;  this, 
in  our  judgment,  must  have  been  the  case. 

We  wish  to  thank  Dr.  W.  Meyerhoffer  for  his  kind  assistance 
in  carrying  out  numerous  analyses.  The  investigations  were  carried 
out  in  the  laboratory  of  Professor  H.  du  Bois,  to  whom  our  cordial 
thanks  are  due. 

Berun,  December,  1899. 
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GIBBS'   THERMODYNAMICAL   MODEL. 
By  W.  p.  Boynton. 

IN  Maxwell's  Theory  of  Heat,  p.  207,  is  a  drawing  showing  some 
of  the  principal  lines  on  a  thermodynamical  model,  suggested 
by  Professor  J.  Willard  Gibbs,  of  Yale  University.  I  have  been 
told  that  Professor  Maxwell  had  two  of  these  models  constructed, 
one  of  which  remained  at  Cambridge,  England,  the  other  being  sent 
to  Professor  Gibbs  at  Yale.  There  is  also  a  copy  of  this  model  at 
Clarke  University,  Worcester,  the  only  one  which  I  have  seen. 
While  there  may  be  others  in  existence,  these  are  the  only  ones 
which  I  have  known  of,  and  I  suspect  that  very  few  have  ever  been 
constructed 

This  year,  in  connection  with  a  course  in  thermodynamics,  two 
of  my  pupils  are  attempting  to  construct  one  of  these  models,  but 
are  met  by  various  serious  difficulties,  which  may  interest  others. 

In  the  diagram  of  which  I  speak,  which  is  here  reproduced,  the 
directions  chosen  for  the  different  coordinates  are  not  immediately 
evident.  Even  by  the  aid  of  the  description  in  the  text  I  have  not 
been  able  to  locate  them  satisfactorily.  In  the  attempt  so  to  do,  I 
have  been  guided  by  the  following  general  considerations.  Using 
Maxwell's  notation,  in  which 

V  =  volume. 

p  =  pressure. 

7"=  absolute  temperature. 

e  =  energy. 

ip  =  entropy. 

The  equation  relating  these  quantities  is 

Tdif  =  de  +  pdv 

which  transposed  gives 

de  de 

de  =  Td(p  —  pdv  ^  -^-  dtp •+  -y^  dv 
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the  differential  equation  of  the  thermodynamical  surface  of  which 
the  coordinates  are  the  entropy,  volume  and  energy,  and  whose 
slope  at  each  point  in  the  principal  directions  gives  the  temperature 
and  pressure,  by  the  identities 

de  de 

"dip      ^ ""        dv' 

These  are  subject  to  the  conditions  that  T\s  always  positive,  and/ 


Fig.  1. 

is  usually  positive,  always  so  for  the  gaseous  state,  usually  for  the 
liquid  and  solid  states. 

If  then  e  is  taken  vertically  downward  and  v  and  ip  horizontal, 
passing  along  a  section  of  the  surface  by  a  plane  of  constant  volume, 
in  the  direction  of  increasing  entropy  the    slope  will   always   be 
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downward^  and  generally  convex,  as  the  addition  of  heat,  that  is 
energy  to  a  substance  at  constant  volume  increases  its  entropy,  and 
generally  its  temperature,  never  decreasing  it.  A  section  by  a  plane 
of  constant  entropy  will  have  a  slope  in  the  direction  of  increasing 
volume  which  is  in  general  upward,  corresponding  to  a  positive 
pressure,  and  in  all  parts  of  the  model  referring  to  stable  states  of 
the  substance  this  will  be  convex,  since  increase  of  volume  is  then 
accompanied  by  decrease  of  pressure. 

I  have  attempted  to  determine  the  choice  of  coordinates  by  the 
properties  of  the  critical  state.  In  the  two  diagrams  the  broken 
line  separates  the  parts  representing  stable  or  homogeneous  states 
from  parts  representing  unstable  or  non-homogeneous  states. 

In  the  pressure-volume  diagram  lines  of  constant  pressure,  vol- 


% 

1 

/ 
/ 
/ 

^ 

\ 

Fig.  2. 


Fig.  3. 


ume,  entropy  and  temperature  are  drawn.  On  the  other  are  drawn 
lines  of  constant  pressure  and  temperature,  taken  from  Maxwell. 
In  both  diagrams  these  lines  are  tangent  to  the  broken  line.  In 
Fig.  2,  the  line  v  =  const  cuts  sharply  through  the  broken  line.  I 
have  attempted  to  find  the  behavior  of  a  line  of  constant  entropy  in 
the  following  way  : 

For  a  substance  following  van  der  Waals*  equation 

the  equation  of  an  isentropic  can  be  shown  to  be 


{/+  ^)  («'-&)*  =  const. 
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where  k  is  the  ratio  of  the  specific  heats  at  constant  pressure  and 
constant  volume.     The  slope  of  this  curve  is  found  to  be 


dv 


2a 

IF 


V  ^  b 


which  becomes,  substituting  the  values  of  the  critical  pressure  and 

volume 

(dp\       _  2^( I  —  k) 


^crit. 


27^ 


which  is  negative  for  real  positive  values  of  a  and  b.  Hence  the 
isentropic  appears  also  to  cut  through  the  broken  line,  but  less 
sharply. 

Still  further,  we  believe  that  the  line  of  constant  volume  does 
not  again  cut  out  of  this  non-homogeneous  or  unstable  area,  while 
the  isentropic  may.  Hence  it  has  seemed  to  me  necessary  to  con- 
sider the  vertical  line  of  Fig.  3  a  line  of  constant  volume,  and  the 


Fig.  4. 

horizontal  line  an  isentropic,  while  the  critical  point  lies  a  little  to 
the  left  of  the  vertex  of  the  curve,  so  that  the  isentropic  slightly 
cuts  through  the  broken  line. 

The  choice  of  coordinates  will  then  be,  energy,  vertically  down- 
ward, in  the  three-dimensional  model,  volume,  measured  to  the 
right,  in  the  diagram,  Fig.  i,  and  entropy  verticall]^  downward,  in 
the  same  diagram.  This  choice  is  not  inconsistent  with  the  arrows 
in  the  upper  left-hand  comer  of  Fig.  i.    The  model  which  has  been 
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constructed  in  accordance  with  these  considerations  is  shown  in  the 
accompanying  figure. 

It  satisfies  the  general  requirements  as  to  slope  and  convexity. 
It  represents  the  gaseous  or  vapor  state  as  having  in  general  the 
greatest  volume  and  a  great  range  of  pressure,  etc.  One  property, 
however,  does  not  seem  to  be  indicated  by  this  model,  nor  do  I  see 
how  to  satisfactorily  change  it  so  that  this  can  be  done. 

It  has  been  deduced  mathematically  and  shown  experimentally 
that  if  a  saturated  vapor  be  expanded  adiabatically,  or  isentropically, 
it  may  either  become  superheated  or  partially  condense  to  liquid ;  in 
fact  both  phenomena  can  be  shown  with  one  substance,  as  for  in- 
stance, chloroform  above  127°  C.  becomes  superheated,  and  below 
this  temperature  condenses,  by  sudden  expansion,  while  at  this  tem- 
perature no  visible  effect  is  produced  by  either  expansion  or  com- 
pression. That  is,  there  is  an  isentropic  which  is  at  a  particular 
point  tangent  to  the  *'  steam  line,"  those  on  one  side  of  it  not  touch- 
ing it  at  all,  while  those  on  the  other  cut  both  in  and  out  This 
particular  property  is  not  shown  by  the  model  as  constructed,  with 
the  present  choice  of  coordinates.  If,  however,  we  had  measured 
entropy  horizontally  in  Fig.  i,  then  the  isentropics,  being  vertical, 
might  be  tangent  to,  or  cut  through  the  steam  line.  This  choice 
of  coordinates  has,  however,  seemed  impossible  for  the  reasons  pre- 
viously given. 

We  may,  if  we  wish,  discuss  the  question  by  a  different  method. 
The  lines  drawn  in  Figs,  i,  2  and  3  are  all  lines  through  the  critical 
point.  In  Fig  2  the  lines  of  constant  pressure  and  temperature  are 
tangent  to  the  broken  line ;  Fig.  3  shows  the  same  property.  In 
Fig.  2  the  line  of  constant  entropy  cuts  the  broken  line  twice,  but 
no  other  pair  of  lines  has  more  than  one  intersection.  Fig.  3  does 
not,  as  drawn,  show  the  same  property.  In  Fig.  2,  passing  from 
the  water-line  around  the  critical  point  in  the  homogeneous  region 
to  the  steam-line,  one  cuts  the  lines  in  the  following  order :  water- 
line,  pressure,  temperature,  entropy,  volume,  pressure,  temperature, 
entropy,  steam-line.  Fig.  3  gives  the  same  order,  with  the  choice 
of  coordinates  which  we  have  adopted,  if  we  let  the  temperature 
lines  always  slope  downwards  as  due  the  pressure  lines.  With  this 
change  the  two  diagrams  seem  to  agree,  but  otherwise  their  dis- 
agreement seems  hopeless. 
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I  shall  be  very  glad  to  receive  from  anyone  any  suggestion 
which  will  help  to  remove  the  apparent  disagreement  between  the 
two  diagrams,  or  so  modify  the  model  that  it  may  more  completely 
represent  the  possible  properties  of  actual  bodies  than  it  now  seems 
to  do. 

The  University  of  California,  Berkeley,  Cal.,  Feb.  i,  1900. 
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ON  THE  TEMPERATURE  OF  THE  ACETYLENE 

FLAME.^  y 

By  Edward  L.  Nichols. 

CONCERNING  the  temperature  of  the  acetylene  flame,  varying 
and  incompatible  statements  are  in  existence.  The  tempera- 
ture of  combustion  of  this  gas,  according  to  Le  Chatelier,^  would 
be,  when  burned  in  air,  from  2100°  to  2420®.  Measurements  with 
Le  Chatelier's  pyrometer,  on  the  other  hand,  made  by  V.  B.  Lewes,* 
gave  temperatures  lower  than  those  of  ordinary  gas  flames.  Lewes 
found  for  the  obscure  zone  459®,  for  the  edge  of  the  luminous  zone 
1411°,  and  for  the  region  near  the  summit  of  the  luminous  zone 
,1517°.  Smithells,*  upon  the  appearance  of  the  data  given  by 
Lewes,  described  a  series  of  experiments  for  the  purpose  of  showing 
that  the  temperature  of  the  flame  is,  in  point  of  fact,  very  much 
higher  than  the  values  given  by  that  author  and  that  in  many  por- 
tions it  is  higher  than  the  melting  point  of  platinum. 

It  can  be  easily  shown  by  inserting  wires  of  that  metal  into  the 
flat  acetylene  flame  obtained  from  any  one  of  the  forms  of  burner 
usually  employed,  that  while  the  thicker  wires  remain  unmelted, 
those  of  very  small  diameter  are  readily  fused.  I  found,  for  ex- 
ample, that  a  wire  having  a  diameter  of  0.0082  cm.  became  fused 
at  the  end  with  the  formation  of  a  distinct  globule,  before  the  metal 
had  penetrated  the  outer  luminous  layer  of  the  flame,  whereas 
wires  of  0.0 1  cm.  or  larger  diameter  remained  unmelted.  The  ex- 
periments of  Waggener,  cited  by  St.  John,*  show  that  there  are 
portions  of  the  flame  of  the  Bunsen  burner  in  which  it  is  possible 
to  melt  platinum,  while  MacCrae,*  working  with  a  platinum-rhodium 

» A  paper  read  at  the  meeting  of  the  American  Physical  Society,  February  24,  190a 

«Le  Chatelier,  Comptes  Rendus,  121,  p.  1144  (1895). 

« Lewes,  Chem.  News,  71,  p.  181  (1895). 

*Smithells,  Journal  of  the  Chemical  Society,  67,  p.  1050  (1895). 

*St.  John,  Wiedemann's  Annalen,  56,  p.  434  (1895). 

•  MacCrae,  Wiedemann's  Annalen,  55,  p.  97. 
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clement  found  for  the  hottest  region  in  the  Bunsen  flame  1725°. 
It  will  be  seen  from  the  experiments  to  be  described  in  this  paper 
that  MacCrae's  determination,  which  was  made  with  wires  having  a 
diameter  of  0.02  cm.  is  not  incompatible  with  the  observations  of 
Waggener  and  others.  Smithells,  in  the  paper  just  cited,  describes 
the  melting  of  platinum  wires  having  a  diameter  of  0.0 1  cm.  in 
various  parts  of  the  outer  sheath  of  a  flat  flame  of  illuminating  gas. 

Pellissier  *  in  commenting  upon  Lewes's  measurements  refers  to 
experiments  in  which  minute  wires  of  platinum,  made  by  WoUas- 
ton's  method  of  silver  plating,  drawing  and  subsequent  dissolving 
of  the  silver  coating,  when  thrust  into  the  flame  of  a  candle,  melted 
instantly.  I  have  not  been  able  to  find  other  printed  reference  to 
these  observations  and  do  not  know  with  whom  they  originated. 
An  attempt  to  repeat  the  experiment  with  a  Wollaston  wire  resulted 
in  the  ready  fusion  of  the  wire  by  the  flame.  An  examination  of 
the  remaining  portions  under  the  microscope  showed  that  the  metal 
had  been  melted  down  into  clean  well-rounded  beads,  and  had  not 
been  consumed  by  oxidation  or  any  other  chemical  reaction. 

It  will  appear  from  the  experiments  to  be  described  in  this  paper 
that  Smitheirs  contention  that  the  temperature  of  flames  cannot  be 
obtained  directly  from  the  indications  of  a  thermo-element,  for  the 
reason  that  such  an  element  loses  heat  by  conduction  and  by  dis- 
persion from  its  surfaces  so  that  the  portions  submerged  in  the 
flame  never  arrive  at  the  temperature  of  the  surrounding  gases,  is 
well  founded.  Lewes  recognized  this  fact,  and  in  his  measurements 
made  use  of  wires  of  three  different  sizes. 

The  Apparatus. 
It  is  obvious  that  the  indications  of  a  thermo-couple  which  is  sub- 
merged in  a  flame  must  depend  upon  the  diameter  of  the  wire,  and 
it  is  upon  this  fact  that  my  method  for  the  estimation  of  the  tem- 
perature of  the  acetylene  flame  is  based.  The  flame  selected  for 
these  measurements  was  of  the  usual  flat  type,  obtained  by  the  im- 
pinging of  two  jets  of  acetylene  properly  mixed  with  air,  which 
issued  from  the  orifices  of  one  of  the  well-known  forms  of  acetylene 
gas  burner.     The  burner  was  mounted  on  a  stand  sliding  upon  a 

>PcUissicr;  rEclairagc  a  Tac^tyl^ne  (Paris,  1897),  p.  186. 
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horizontal  steel  bar,  so  that  a  free  lateral  motion  coulcf  be  given  to 
the  flame.  This  stand  moved  so  smoothly  upon  its  metal  support 
that  the  flame  could  be  shifted  by  the  direct  action  of  the  fingers  of 
the  operator  with  the  same  precision  and  freedom  that  we  find  in 
the  well-adjusted  draw  tube  of  a  microscope  ;  and  lateral  displace- 
ments of  about  o.oi  cm.,  or  even  less  could  be  made  with  ease.  In 
some  of  the  experiments  requiring  more  accurate  control,  the  flame 
was  moved  by  means  of  a  fine  micrometer  screw  clamped  to  the  bar. 
Upon  a  similar  stand,  attached  to  the  same  bar,  was  mounted  one 
of  the  series  of  thermo-elements  by  means  of  which  the  determina- 
tions in  question  were  to  be  made.  The  wires  were  all  drawn 
from  the  same  samples  of  pure  platinum  and  platinum-rhodium 
(lo^fc),  obtained  from  Heraeus  in  Hanau,  from  stock  believed  to  be 
identical  with  that  tested  by  Holbom  and  Wien.*  That  thermo- 
elements made  of  wires  differing  in  diameter,  but  all  from  the  same 
stock,  give  with  sufficient  accuracy  identical  results,  has  been 
abundantly  established.     The  hot  junctions  were  given  the  form 


a         r^',sswA%'>'ggi 


^ 


ISSSSS^SS^SSSSSSSSSSV 


Fig.  1. 


shown  in  Fig.  i.  The  platinum  and  platinum-rhodium  wires  were 
fastened  by  sealing  into  the  fused  ends  of  an  open  glass  rod  about 
10  cm.  in  length,  and  i  cm.  in  diameter,  and  the  free  ends  of 
these  wires  were  cut  off)  leaving  about  3  cm.  extending  beyond 
the  glass.  These  ends  were  pinched  together  in  the  form  of  a  V, 
and  while  in  contact  were  fused  by  a  brief  immersion  in  the  oxy- 
hydrogen  flame.  The  junction  thus  formed  was  trimmed  off"  at 
right  angles  to  the  axis  of  the  tube,  until  the  thickness  of  the  fused 
portion  joining  the  two  wires  was  as  small  as  could  be  obtained 
without  danger  of  rupturing  the  junction.  It  was  found  that  by 
this  process  of  trimming  away  with  a  pair  of  pocket  scissors, 
better  results  could  be  obtained  than  by  the  use  of  file,  or  emery 

>  Wiedemann's  Annalen,  47,  107,  and  56,  360. 
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Fig.   2. 


paper,  and  that  the  preparation  of  junctions  in  this  way  was 
very  easy  and  expeditious.  It  was  almost  always  possible,  after  a 
few  trials,  to  secure  a  junction  in  which  the  thickness  of  the  con- 
necting link  of  fused  metal  would  not  exceed  0.005  cm. 

When  viewed  under  the  microscope,  a  junction  thus  prepared  pre- 
sents the  appearance  shown  in  Fig.  2.  The  surface  left  by  trimming 
is  smooth,  and  lies  in  a  plane  at  right  angles 
to  the  axis  of  the  tube  in  which  the  wires  of 
the  thermo-element  are  mounted.  When 
such  a  junction  is  brought  near  to  the  flat 
flame  from  an  acetylene  burner,  its  plane  face 
lies  parallel  to  the  sheaths  or  layers  of  which 
the  flame  is  composed  and  it  is  true,  with  a 
high  degree  of  approximation,  that  the  whole 
of  the  junction  is  in  a  surface  of  equal  tem- 
perature. 

The  electromotive  force  produced  by  the  heating  of  the  thermo- 
element in  the  flame  was  measured  by  means  of  a  potentiometer 
consisting  of  a  sensitive  galvanometer  of  the  D'Arsonval  type  and 
an  accurately  adjusted  resistance  box  containing  coils  ranging  from 
50,000  ohms  to  I  ohm.  A  large  Clark  cell  of  the  old  Feussner 
type  was  mounted  in  series  with  the  resistance  box.  The  thermo- 
element, the  galvanometer,  and  a  subsidiary  resistance  of  10,000 

ohms  were  looped  around  a 
portion  of  the  resistance  box, 
the  ratios  being  varied  ac- 
cording to  the  Poggendorff 
method  until  complete  bal- 
ance was  secured.  The  elec- 
trical connections  are  shown 
in  Fig.  3.  The  type  of 
standard  cell  selected  for  this 
work  is  subject  to  consider- 
able errors  from  diflusion 
lag.  It  has,  however,  the 
advantage  of  being  capable  of  furnishing  a  much  larger  amount  of 
current  than  the  small  types  of  cell  in  which  diflusion  lag  is  avoided^ 


THUMO  JUNCTION 


10,000 
OHMt. 


\ 


110,000  OHMt. 


CELL 

Fig.  3. 
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without  appreciable  loss  of  electromotive  force.  Two  of  these  cells 
were  placed  side  by  side  in  a  thick-walled  inner  room  which  had 
been  constructed  for  the  purpose  of  securing  uniform  temperature 
for  the  standard  clock  of  the  physical  laboratory,  and  other  similar 
apparatus.  The  range  of  temperature  in  this  room  fluctuated 
throughout  the  entire  investigation  between  i8°C.  and  ip^C.  The 
range  was  so  small  and  the  variations  occurred  so  gradually  that  no 
changes  of  electromotive  force  of  a  size  which  it  was  necessary  to 
consider  in  these  measurements  could  have  risen,  other  than  those 
included  in  the  usual  correction  for  temperature. 

The  two  cells  were  compared  with  each  other  from  time  to  time 
by  setting  them  in  opposition  to  one  another  in  circuit  with  a  sen- 
sitive galvanometer  and  noting  the  deflection  produced.  It  was 
found  that  although  one  of  them  was  supplying  current  to  the  100,- 
000-ohm  circuit  of  the  potentiometer,  during  the  times  when  it  was 
necessary  to  close  the  key  of  that  circuit,  the  difference  of  electro- 
motive force  between  the  used  and  unused  cell  was  always  very 
small,  never  more  than  a  few  hundred  thousandths  of  a  volt  At 
the  end  of  the  entire  set  of  measurements,  the  difference  was 
0.00006  volt.  The  absolute  electromotive  force  of  these  cells  was 
checked  by  comparison  with  Clark  cells  of  the  H  form  and  of  the 
test-tube  form,  constructed  in  this  department  in  1898.  As  a  re- 
sult of  these  comparisons,  it  was  found  that  the  electromotive  force 
of  the  cell  used  in  the  potentiometer  might  be  taken  at  1.430  volts 
at  18°. 

For  the  convenient  observation  of  the  acetylene  flame  and  of  the 
distance  from  the  median  plane  of  that  flame  to  the  junction  of  the 
thermo-element,  a  long  micro-camera  was  employed,  the  distance 
from  the  lens  of  which  to  the  ground  glass  plate  was  about  two 
meters.  By  means  of  a  projecting  lens  of  long  focus,  which  was 
substituted  for  the  ordinary  photographic  lens  usually  employed  in 
this  camera,  an  image  of  the  flame  and  thermo-junction,  enlarged  to 
about  seven  diameters,  was  projected  upon  the  ground  glass.  The 
plane  of  the  flame  was  parallel  to  the  axis  of  the  camera  so  that 
those  portions  of  the  image  of  the  former  that  were  in  focus  were 
seen  as  if  in  cross  section. 

The  stream  of  acetylene  and  air  issuing  at  right  angles  to  each 
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Other  from  the  openings  in  the  lava  jet  when  viewed  in  the  image, 
presented  the  appearance  of  cylinders  or  tubes  with  luminous  walls, 
which  under  ordinary  pressures  united  after  meeting  into  a  single 
stream  of  gas,  the  walls  of  which  were  very  sharply  defined  and 
bright.  Outside  of  this,  and  swaying  back  and  forth  with  the  drafts 
of  air  to  which  the  flame  is  subjected,  was  an  ill-defined  image 
of  the  wings  of  the  flame  which  consist  of  portions  of  the 
gaseous  envelope  which  have  lost  their  velocity  and  in  consequence, 
the  remarkable  ability  to  resist  deformation,  possessed  by  the  body 
of  the  flame.  The  thickness  of  the  stable  portion  of  the  flame,  which 
is  surrounded  by  a  well-defined  luminous  layer  was  found  to  be 
about  0.065  cm.  The  walls  of  brilliantly  incan- 
descent material  around  this  central  body  were 
not  more  than  0.005  cm.  in  thickness.  The 
appearance  of  these  essential  portions  of  the 
image  of  the  flame  on  the  ground  glass  is  shown 
in  Fig.  4,  which  is  an  outline  sketch  from  a  photo- 
graph of  the  flame.  It  will  be  noted  that  the 
body  of  the  flame  is  not  vertical,  which  arises 
from  the  fact  that  one  of  the  jets  is  slightly 
stronger  than  the  other.  On  account  of  the 
smallness  of  the  openings  in  an  acetylene  burner,  pj     ^ 

it  is  rare  to  find  complete  symmetry  in  these  jets. 
The  flame  is  almost  always  slightly  thrown  to  one  side  as  shown  in 
the  drawing,  one  face  being  convex,  the  other  concave.     These  slight 
defects  from  symmetry  do  not  in  any  way  interfere  with  the  meas- 
urement of  the  flame  temperature. 

Measurements  of  the  Acetylene  Flame. 
The  wires  selected  for  the  four  junctions  to  be  used  in  the  experi- 
ment upon  the  acetylene  flame  were  measured  under  a  microscope 
with  micrometer  stage.     Their  diameters  were  as  follows  : 


Table 

I. 

Junction      I. 

Diameter  0.01996  cm 

IL 

0.01598   " 

"      in. 

0.01089   " 

IV. 

"        0.00821  " 
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Fig.  5. 


Readings  were  first  made  with  junction  I  (diameter  0.01996  cm.). 
The  flame  was  set  at  a  distance  of  6  mm.  from  the  face  of  the  junc- 
tion and  the  potentiometer  was  balanced.  The  flame 
was  then  moved  stepwise  nearer  and  nearer,  and  the 
potentiometer  rebalanced  at  each  step  until  the  face  of 
the  junction  coincided  with  the  edge  of  the  luminous 
mantle  at  a  point  just  above  the  apex  of  the  inner  non- 
luminous  zone.  (See  x,  Fig.  5.) 
The  rise  of  temperature  indicated  by  the  potentiometer  readings  is 
shown  in  curve  a  (Fig.  6),  the  data  for  which  as  well  as  for  the  other 
curves  in  that  figure  are  contained  in  Table  II.  The  increase  of  tem- 
perature is  gradual  at  first,  but 
at  a  distance  of  about  0.4  cm. 
from  the  center  of  the  flame, 
the  curve  suddenly  becomes 
steep.  It  is  probable  that  this 
distance  measures  the  thick- 
ness of  the  layer  of  non-lumin- 
ous gas  which  surrounds  the 
visible  flame.  Outside  of  this 
region  the  junction  is  heated 
almost  altogether  by  radiation. 
As  soon  as  it  penetrates  the 
column  of  moving  gas,  how- 
ever, heat  is  brought  to  it 
principally  by  convection.  Be- 
fore the  surface  of  the  luminous 
mantle  is  reached  the  curve 
shows  indications  of  approach- 
ing a  maximum. 

Upon  pushing  the  flame  still 
nearer  to  the  junction,  so  that 
the  latter  penetrated  the  lu- 
minous region,  an  accumula- 
tion of  lampblack  began  to 
form  upon  the  wire,  with  fall 
of  temperature.     This   proc- 
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ess  in  the  case  of  acetylene  is  so  rapid  that  at  the  end  of  two  min- 
utes a  button  of  carbon  several  millimeters  in  diameter  is  formed. 


Table  II. 

Temperatures  indicated  by  thermo-junctiom  /,  //,  ///  and  IV, 

at  various  distance 

from  the  median  plane  of  the  acetylene  flame. 

Junction  I. 

Junction  II. 

Junction  III. 

Junction  IV. 

Distance. 

Temp. 

Distance.  |     Temp. 

Distance.  |     Temp. 

Distance. 

Temp. 

mm. 

mm. 

mm. 

mm. 

5.62 

185° 

1 

5.42 

165° 

4.63 

233° 

3.91 

370° 

3.65 

353° 

4.82 

183° 

4.11 

406° 

2.85 

760° 

3.33 

508° 

3.21 

657° 

2.55 

1168° 

2.09 

1128° 

2.90 

695° 

2.03          1278° 

2.12 

1411° 

1.66 

1229° 

2.30 

989° 

1.50         1598° 

1.86 

1613° 

1.30      1    1367** 

1.93          1322° 

1.18         1685° 

1.70 

1667° 

1.07 

1382° 

1.68      1    1385° 

0.894        1724° 

1.54 

1705° 

0.850 

1467° 

1.40         1513° 

0.566        1747° 

1.30 

1738° 

1.09         1617° 

0.238 

1759° 

1.025 

1771° 

0.320        1715° 

0.00 

1775° 

0.780 

molten 

1                 1  -0.29 

molten 

0.300 

molten 

This  is  finally  torn  loose  from  the  wire  by  its  own  weight ;  where- 
upon the  deposition  of  a  new  mass  begins.  I  attempted,  by  watch- 
ing the  breaking  away  of  the  carbon  from  the  wire,  which  occurred 
at  regular  intervals,  to  determine  the  temperature  of  the  wire  before 
the  coating  of  carbon  had  begun  to  show  itself  again.  The  highest 
temperature  which  it  was  possible  to  observe  in  this  way  was  nearly 
one  hundred  degrees  below  that  in  the  luminous  layer,  and  it  was 
obvious  from  the  movement  of  the  galvanometer  needle  that  the 
junction  was  being  rapidly  cooled. 

Junction  II.  (diameter  0.01598  cm.)  was  now  substituted  for 
junction  I.,  and  a  similar  set  of  readings  were  made.  This  junction, 
as  had  been  anticipated,  showed  higher  temperatures.  It  was 
found  possible,  owing  to  the  small  diameter  and  consequently  high 
temperature  of  the  wire,  to  penetrate  further  into  the  flame  before 
the  deposition  of  carbon  began ;  so  that  measurements  with  the 
junction  actually  within  the  luminous  layer  could  be  made.  The 
general  form  of  the  cui-ve,  as  will  be  seen  by  inspection  of  the  fig- 
ure (curve  b)  is  the  same  as  that  obtained  with  junction  I.  After 
penetrating  the  luminous  mantle  to  a  small  fraction  of  a  millimeter, 
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carbon  began  to  gather  upon  this  junction  likewise,  with  lowering 
of  temperature  as  in  the  case  of  junction  I.  The  attempt  to  read 
temperatures  immediately  after  the  dropping  of  the  accumulated 
carbon  showed  that  the  highest  temperature  which  could  thus  be 
observed  was  again  about  one  hundred  degrees  below  the  tempera- 
ture of  the  luminous  mantle.  It  was  clear  in  this  case^  as  before, 
from  the  rapid  fall  of  temperature  already  going  on,  that  this  read- 
ing has  no  significance. 

Similar  readings  with  junction  III.  (diameter  0.0108  cm.)  gave 
a  third  curve  of  the  same  type  as  those  plotted  from  the  read- 
ings made  with  I.  and  II.;  but  the  temperatures  were  higher 
throughout.  With  this  junction,  it  was  found  possible  to  penetrate 
to  the  center  of  the  flame  without  the  deposition  of  carbon,  the  tem- 
perature of  the  wire  being  apparently  too  high  to  permit  the  for- 
mation of  soot.  Upon  pushing  through  the  median  plane  of  the 
flame  to  the  second  luminous  mantle  the  junction  was  melted.  This 
result  was  not  unexpected,  since  the  temperature  of  the  junction  at 
the  first  luminous  mantle  reached  1750°,  so  that  a  rise  of  twenty- 
five  degrees  of  temperature  would  suffice  to  produce  fusion.  The 
wire  when  pushed  through  the  flame  in  the  manner  just  described 
is  heated  for  greater  and  greater  distances  back  from  the  junction 
until  the  losses  of  heat  at  the  junction  are  sufficiently  diminished  to 
raise  the  tips  of  the  wires  to  the  melting-point. 

With  junction  IV.  (diameter  0.0082  cm.)  a  fourth  curve,  similar 
in  form  to  the  preceding  ones  and  with  still  higher  temperatures  was 
obtained.  This  junction  was  fused  at  a  distance  of  0.075  cm.  from 
the  core  of  the  flame,  and  of  0.037  cm.  from  the  edge  of  the  first 
luminous  mantle.  It  was  easy  to  observe  in  the  enlarged  image 
upon  the  plate  of  the  micro-camera,  the  melting  away  of  the  plat- 
inum wire,  while  the  platinum-rhodium  alloy  was  still  unaffected, 
and  while  contact  was  still  unbroken.  A  satisfactory  observation 
of  the  electromotive  force  of  the  thermo-element  at  the  melting- 
point  of  platinum  was  thus  obtained.  This  reading  (0.018236  volt) 
differs  from  the  value  found  in  my  calibration  of  the  thermo-junc- 
tions  used  in  this  investigation  (0.018262  volt)  by  a  quantity 
(0.000026  volt)  less  than  the  errors  due  to  changes  in  the  electro- 
motive force  of  the  standard  cell.  If  the  latter  reading  be  taken  to 
correspond  to  1775°  the  former  indicates  1773®. 
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Beyond  this  point  it  was  impossible  to  make  direct  observations 
of  temperature ;  but  the  form  of  this  and  the  preceding  curves 
were  so  closely  allied  that  I  felt  no  hesitation  in  extending  the 
curve  d  to  the  core  of  the  flame.  This  has  been  done  by  means 
of  dotted  lines  in  the  figure.  Curves  a  and  b  have  been  extended 
in  the  same  manner.  In  order  to  form  an  estimate  of  the  tempera- 
ture which  would  have  been  reached  by  a  thermo-junction  of  negli- 
gible cross-section,  provided  such  a  junction  could  have  been  ob- 
tained which  was  capable  of  regfistering  temperatures  above  that  of 
the  melting  point  of  platinum,  the  ordinates  of  the  four  curves  a,  b, 
c  and  d  were  taken  for  the  core  of  the  flame,  for  the  plane  of  the 
luminous  mantle,  for  a  plane  distant  0.07  cm.  from  the  core,  and 
for  a  plane  o.io  cm.  from  the  core.     These  readings  were  plotted 
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^  Fig.  7. 

and  curves  were  drawn  through  them  as  shown  in  Fig.  7 ;  relative 
cross-sections  of  the  wires  being  taken  as  abscissae,  the  tempera- 
tures as  ordinates.  If  these  curves  could  be  extended  to  the  line 
representing  zero  cross-section,  the  temperatures  indicated  by  the 
points  in  which  each  of  them  cuts  that  line  would  give  the  temper- 
ature of  the  portion  of  the  flame  to  which  the  curve  corresponds. 
There  is  a  considerable  element  of  uncertainty  in  extrapolation  even 
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over  so  short  a  range  as  this  ;  but  it  is  obvious  from  the  character 
of  the  curves  lying  within  the  limits  of  observation  that  each  of 
them  trends  upward  and  it  seems  highly  probable  that  they  all 
meet  the  line  of  zero  cross-section  at  a  temperature  not  far 
from  1900°.  The  fact  that  the  curves  cut  this  line  at  nearly  the 
same  temperature  would  seem  to  indicate  that  the  distribution  of 
temperatures  from  the  center  of  the  flame  outward  for  a  distance  of 
about  I  mm.  is  a  nearly  uniform  one. 

It  would,  perhaps,  be  unwise  to  attempt  to  draw  any  more  defi- 
nite conclusion  from  the  probable  trend  of  these  curves  ;  but  I  have 
ventured  to  extend  them  in  the  manner  shown  in  the  figure,  so  that 
the  curve  for  the  region  i  mm.  from  the  center  of  the  flame  reaches 
the  zero  of  abscissse  about  twenty  degrees  above  that  for  the  center 
of  the  flame,  /.  ^.,  at  1920®  and  the  intermediate  curves  at  tempera- 
tures lying  between.  I  regard  this  as  an  extreme  treatment  of 
the  case,  and  allude  to  it  only  to  indicate  that,  in  accordance  with 
common  belief,  the  highest  temperature  may  be  found  in  the  outer 
non-luminous  layer  of  the  flame ;  but  that  it  is  unlikely  that  the 
difference  amounts  to  more  than  twenty  degrees. 

The  point  of  intersection  referred  to  above  lies  more  than  one  hun- 
dred degrees  above  the  highest  temperature  recorded  by  even  the 
smallest  of  the  thermo-elements,  and  it  is  safe  to  infer  that  nearly 
all  previous  attempts  at  the  measurement  of  flame  temperatures  must, 
for  lack  of  correction  of  the  error,  due  to  loss  of  heat  through  the 
wire,  be  regarded  as  much  too  low.  The  Junction  IV.  is,  so  far  as 
I  am  aware,  the  smallest  in  cross  section  that  has  been  used  in  such 
work.  With  larger  wires,  the  correction  for  loss  of  heat  would  be 
even  greater,  except  in  cases  where,  as  in  the  observations  made  by 
Smithells,  pains  were  taken  to  immerse  an  extended  portion  of  the 
wires  within  the  flame. 

Temperature  of  Other  Flames. 

For  the  purpose  of  comparison,  I  measured  in  a  manner  anala- 
gous  to  that  just  described,  the  temperature  of  the  luminous  flame 
of  ordinary  illuminating  gas,  and  the  flame  of  a  candle.  The  gas 
flame  employed  for  this  purpose  was  obtained  from  a  lava  tip,  rated 
at  one  cubic  foot  and  giving  a  flat  flame  of  the  usual  form.     The 
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image  of  this  flame,  when  viewed  upon  the  ground-glass  screen  of 
my  camera  was  found  to  be  comparatively  ill-defined  and  unsteady ; 
but  although  the  outlines  of  the  luminous  sheath  were  much  less 
clearly  marked  than  in  the  case  of  the  acetylene  flame,  they 
were  discernible.  Owing  to  the  continued 
motion,  due  to  the  small  velocity  of  the  gas 
issuing  from  the  jet,  no  attempts  were  made 
to  plot  curves  of  temperatures  outside  the 
flame.  AH  readings  were  made  with  the  junc- 
tion as  nearly  as  possible  in  contact  with  the 
outer  surface  of  the  luminous  sheath,  at  a 
point  in  the  brightest  portion  of  the  flame. 
This  position  is  approximately  in  dicated  by  p.     g 

the  letter  x  in  Fig.  8.     The  four  junctions 
already  described  were  mounted,  one  after  another,  in  such  a  posi- 
tion that  the  flame  could  be  moved  up  until  they  came  into  contact 
with  the  sheath  at  the  point  indicated.     The  temperatures  of  the 
junctions  when  in  that  positiona  are  gfiven  in  the  following  table  : 


Table  III. 

Junction       I. 

1385 

Junction     II. 

1484< 

Junction  III. 

1609 

Junction    IV. 

1676* 

These  values  having  been  plotted  with  relative  cross  sections  of 
the  wires  as  abscissse,  and  temperatures  as  ordinates  were  found  to 
lie  upon  a  smooth  curve  (^)  as  shown  in  Fig.  9.  This  curve  when 
extended  to  the  line  corresponding  to  zero  cross  section  gave  for 
the  temperature  of  the  flame  1780^,  a  temperature  sufficient  to  ac- 
count for  the  success  of  Smithells's  experiment,  already  described, 
in  which  platinum  wires  of  small  diameter  were  melted  in  the  outer 
sheath  of  such  a  flame.  I  found  it  easy,  by  holding  a  wire  of  the 
size  used  in  junction  IV.  in  a  plane  parallel  to  that  of  the  flame,  and 
moving  it  gradually  toward  the  latter,  to  verify  his  statement.  The 
wire  was  readily  melted. 

It  was  not  thought  necessary  to  make  further  experiments  upon 
this  flame.  The  region  selected  was,  so  far  as  one  could  judge  from 
the  brightness  of  the  luminous  sheath,  the  hottest  portion  of  the 
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flame.  My  measurements  upon  this  region  would  lead  to  the  con- 
clusion that  the  luminous  sheath  of  ordinary  gas  flames  is  at  least  one 
hundred  and  twenty  degrees  lower  than  the  corresponding  region  in 
the  acetylene  flame.  Luminous  flames  of  ordinary  illuminating  gas 
would  perhaps  repay  further  study,  but  owing  to  the  fact  that  such 
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gas  is  an  ever-varying  mixture  and  that  it  is  burned  under  condi- 
tions of  pressure,  etc.,  such  as  to  give  a  fluctuating  character  to  the 
flame,  the  problem  would  have  at  best  an  indefinite  character  from 
which  studies  of  the  acetylene  flame  are  free.  In  the  latter  case  we 
have  to  deal  with  a  definite  fuel  and  the  velocity  of  the  jets  of  gas 
from  the  burner  is  sufficient  to  give  a  hig^  degree  of  stability. 

The  candle  would  seem  an  even  less  satisfactory  subject  of  study 
in  these  respects  than  illuminating  gas,  but  the  fact  of  the  melting 
down  of  Wollaston  wire  in  a  candle  flame,  the  verification  of  which 
I  have  briefly  described  in  the  opening  paragraphs  of  this  paper, 
seemed  to  discredit  so  completely  the  lower  values  commonly  as- 
signed to  the  temperature  of  such  flames  that  I  decided  upon  a  re- 
determination. 

The  fact  that  the  flame  of  a  candle,  mounted  upon  a  fixed  stand, 
would  move  steadily  downward  as  the  material  of  which  it  was  corn- 
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posed  burned  away,  made  it  convenient  without  any  serious  modifi- 
cations of  my  apparatus,  to  explore  the  temperature  of  the  luminous 
sheath  throughout  the  entire  length  of  the  flame.  It  was  only  nec- 
essary for  this  purpose  to  mount  a  candle  upon  the  steel  bar  in  the 
position  previously  occupied  by  the  acetylene  flame  and  when  it  had 
reached  such  a  length  that  the  level  of  the  rim  of  the  cup  lay  below 
the  level  of  the  junction,  to  move  the  candle  toward  the  latter  by 
means  of  a  micrometer  screw  until  the  junction  began  to  be  sub- 
merged in  the  luminous  sheath  of  the  flame.  It  was  then  easy  by 
a  series  of  slight  adjustments  of  the  flame,  to  explore  with  the  junc- 
tion the  entire  surface  of  the  luminous  sheath  from  base  to  tip, 
measuring  temperatures  from  time  to  time,  and  determining  the 
position  by  means  of  the  height  of  the  junction  above  the  rim  of 
candle  cup.  The  latter  observations  were  readily  made  by  means 
of  the  image  of  the  candle  upon  the  ground  glass  of  the  camera. 
Explorations  of  the  candle  flame  in  the  manner  described  were  made 
with  junctions  II.  and  IV.  and  the  results  obtained  showed  a  degree 
of  consistency  much  greater  than  the  fluctuating  character  of  the 
source  under  observation  had  led  me  to  expect.  Both  sets  of  ob- 
servations showed  a  maximum  of  temperature  in  the  same  region  ; 
that  lying  just  above  the  tip  of  the  interior  dark  zone  of  the  flame. 
Readings  were  made  by  watching  the  movements  of  the  candle 
flame  and  securing  a  balance  of  the  potentiometer  at  times  when  the 
face  of  the  junction  was  as  nearly  as  possible  in  contact  with,  but  not 
deeply  submerged  within  the  luminous  layer.  Whenever  the  wire 
plunged  to  any  considerable  depth  beyond  the  luminous  surface, 
deposition  of  soot  occurred  with  lowering  temperature,  and  it  was 
necessary  to  withdraw  it  into  the  non-luminous  regions  outside  and 
to  wait  until  the  deposit  had  been  burned  off*,  before  proceeding  with 
the  readings.  In  computing  the  actual  temperatures  of  the  luminous 
sheath  of  the  flame  from  these  readings,  I  contented  myself  with  the 
following  rough  approximation.  The  maximum  temperatures  shown 
by  junctions  II.  and  IV.  were  plotted  upon  the  same  diagram  used 
for  the  luminous  gas  flame.  These  temperatures  were  1281°  and 
1546**;  values  which,  as  will  be  seen  by  inspection  of  Fig.  9  (^). 
lie  much  below  those  of  the  corresponding  readings  for  the  luminous 
gas  flame,  but  in  such  positions  as  to  make  it  easily  possible  to  draw 
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through  them  a  curve  analagous  in  form  to  that  obtained  for 
the  latter.  Such  a  curve  would  cut  the  line  of  zero  cross  section 
at  about  1670°  which  may,  I  believe,  be  taken  as  the  approximate 
temperature  of  the  hottest  portions  of  the  luminous  sheath  of  the 
candle  flame.     Estimates  of  this  temperature  by  the  probably  less 

accurate  methods  of  drawing  a  straight 
line  through  the  points  in  question  and 
taking  the  points  in  which  this  line  cuts 
the  line  of  zero  cross  section  to  be  the 
temperature  of  the  flame,  and  estimates 
based  upon  the  assumption  that  the  true 
temperature  is  as  many  degrees  above 
the  temperature  indicated  by  junction 
IV.  for  the  candle  as  it  is  for  the  gas 
flame,  would  lead  to  values  respectively 
twenty-four  degrees  and  forty  degrees 
lower  than  that  obtained  by  the  method 
which  I  have  adopted.  I  believe  that  the 
temperature  just  given  (  1670®  )  is  much 
closer  to  the  truth  than  that  obtained 
under  either  of  the  other  assumptions. 
Estimated  temperatures  for  other  por- 
tions of  the  luminous  sheath  were  made 
by  assuming  that  the  correction  to  be  applied  to  the  readings 
obtained  with  junction  IV.  would  be  the  same  in  all  positions. 
These  values  are  given  in  Fig.  10  which  may  serve  in  place  of  an 
ordinary  table.  The  portions  of  the  flame  to  which  each  reading 
refers  are  more  readily  indicated  by  giving  such  a  diagram  of  the 
flame  than  in  any  other  way. 

The  fact  that,  in  the  case  of  the  acetylene  flame  and  the  ordinary 
gas  flame,  this  method  gives  values  high  enough  to  account  for  the 
melting  of  platinum,  but  leads  to  an  estimate  of  the  temperature  of 
the  candle  flame  which  is  about  one  hundred  degrees  below  the 
melting  point  of  that  metal,  would  seem,  at  first  sight,  to  throw  the 
procedure  into  serious  doubt.  My  experience  with  the  method  has, 
however,  been  such  as  to  make  an  error  of  one  hundred  degrees  in 
the  estimation  of  the  candle-flame  temperature  seem  highly  improb- 
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able.  Messrs.  Lummer  and  Pringsheim  in  a  recent  communication 
to  the  German  Physical  Society^  give  an  estimate  of  the  temperature 
of  candle  flames  based  upon  a  relation  which  they  have  established 
between  the  position  of  the  maximum  in  the  energy  curve  of  the 
spectrum  of  a  source  of  light  and  its  temperature.  Assuming  the 
the  radiating  substance  in  the  flame  to  have  the  properties  of  a  black 
body  they  find  this  temperature  in  the  case  of  the  candle  flame  to  be 
1687°,  a  value  but  seventeen  degrees  above  that  which  I  have 
given. 

To  account  for  the  fusion  of  Wollaston  wire  in  the  flame  of  a 
candle,  one  might  consider  the  possibility  of  the  existence  in  such  a 
flame  of  layers  of  gas  the  temperature  of  which  is  much  above  the* 
surrounding  regions,  and  that  these  layers  may  be  so  thin  that 
it  would  not  be  possible  to  submerge  the  thermo-j unction  com- 
pletely in  them.  In  such  a  case,  the  junction  would  give  a  value 
approximate  to  the  average  of  the  temperatures  of  the  gases  with 
which  it  was  brought  into  contact.  Before  assuming  this  structure 
of  the  flame,  which  really  has  nothing  to  support  it  save  the  neces- 
sity of  accounting  for  the  apparent  discrepancy  which  I  have  just 
pointed  out,  it  seemed  wise  to  consider,  on  the  other  hand,  whether 
the  melting  point  of  the  Wollaston  wire  was  necessarily  that  of  pure 
platinum.  Such  wires  would  be  made  of  ordinary  commercial 
metal,  the  melting-point  of  which  might  vary  considerably  from  that 
of  the  purer  platinum  used  in  the  determination  of  the  temperature 
of  fusion.  It  is  likewise  readily  conceivable  that  in  the  process  of 
drawing  within  the  silver  coating,  a  certain  amount  of  silver  might 
be  worked  into  the  pores  of  the  platinum  and  not  removed  by 
the  subsequent  action  of  the  nitric  acid.  The  determination  of  the 
melting-point  of  even  such  minute  wires  is  fortunately  a  simple 
matter  by  means  of  the  form  of  thermo-element  used  in  the  experi- 
ments which  I  have  just  described.  It  is  only  necessary  to  wrap  a 
piece  of  the  wire  to  be  tested  around  the  junction  as  shown  in  Fig. 
1 1,  to  cut  it  off"* so  that  the  ends  of  the  loop  extend  slightly  (about 
0.05  cm.)  beyond  the  face  of  the  junction  ;  and  having  mounted  the 
junction  in  the  usual  manner,  to  move  the  acetylene  flame  up  to  it 

1  Lummer  and  Pringsheim  ;  Verhandlungen  der  Deutschen  Physikalischen   Gesell- 
schmft;  1899,  P-  ^H* 
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Fig.  11. 


by  means  of  a  micrometer  screw,  watching  the  enlarged  image  of 
junction  and  flame  upon  the  ground  glass  of  the  micro-camera. 
The  wire  will  then  begin  to  fuse  at  its  outer  end,  and  the  fusion, 
following  upon  the  progressive  movement  of  the  flame,  can  be 
watched  until  the  loop  is  melted  back  to  the  surface  of  the  junction 
itself  With  such  precision  can  this  progressive  melting  of  the  wire 
be  carried  out  in  a  room  free  from  draughts, 
that  it  is  possible  to  melt  away  the  loop  of 
wire  in  front  of  the  junction  until  no  part  of 
it  protrudes  beyond  the  smooth  face  of  the 
latter,  and  yet  leave'  that  portion  of  the  loop 
which  extends  behind  the  wire  of  the  junction 
and  is  protected  by  it,  unmelted.  I  performed 
this  experiment  with  a  piece  of  the  same 
Wollaston  wire  which  I  had  succeded  in  melt- 
ing in  the  candle  flame  ;  and  I  found  its  melting  point,  as  indicated 
by  the  electromotive  force  of  the  junction,  to  be  1674°.  To  test 
the  question  whether  this  very  low  melting-point  was  due  to  the 
presence  of  silver  undissolved  by  the  nitric  acid,  a  piece  of  the  same 
wire  was  left  in  the  acid  for  twelve  hours,  after  which  the  melting- 
point  was  again  tested  in  the  manner  just  described.  The  result  of 
this  determination  was  1687°.  The  latter  reading  was,  I  think,  too 
high,  since  subsequent  examination  under  the  microscope  showed 
that  the  loop  of  the  wire  behind  the  junction  had  been  melted,  so  that 
the  junction  was  probably  a  few  degrees  too  hot.  At  any  rate,  it 
may  safely  be  concluded  from  these  determinations  that  the  melting 
point  of  the  Wollaston  wire  was  at  least  one  hundred  degrees  lower 
than  that  of  pure  platinum,  and  that  the  fusion  of  such  wire  in  the 
candle  flame  did  not  necessarily  indicate  that  my  estimate  of  the 
tem|>erature  of  the  flame  was  at  fault. 

This  point  I  deemed  it  worth  while  to  confirm  by  direct  observa- 
tion of  the  melting-point  of  the  Heraeus  platinum  ;  for  which  pur- 
pose a  piece  of  the  wire  used  in  junction  IV.  was  rolled  into  a  flat 
strip.  From  this  strip  a  piece  about  0.0 1  cm.  broad  was  cut,  which 
was  looped  around  the  junction  in  the  manner  just  described.  The 
melting-point  was  found  to  be  1775°.  Experiments  upon  the  fusion 
\A  gold,  platinum,  palladium  and  other   metals  made  in  this  way. 
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have  convinced  me  abundantly  of  the  delicacy  and  reliability  of  this 
means  of  determining  melting-points.  It  is  free  from  many  of  the 
most  serious  difficulties  involved  in  the  procedures  usually  em- 
ployed. The  details  of  this  method,  which  is  especially  applicable 
to  the  calibration  of  thermo-elements,  I  propose  to  describe  at  some 
length  under  a  separate  title. 


Scale  of  Temperatures. 

The  temperatures  given  in  this  paper  are  based  upon  a  scale  ar- 
bitrarily adopted,  in  which  the  melting-point  of  pure  platinum  is 
taken  at  1775°,  and  gold  at  1070**.  Nothing  more  is  claimed  for 
this  scale  than  that  the  reference  points  are  those  most  easily  repro- 
ducible in  high  temperature  work,  so  that  any  one  having  occasion 
to  use  the  data  given  can  make  reductions  to  whatever  scale  of 
temperatures  he  desires  to  employ.  Up  to  the  present  time,  high 
temperature  work  has  not  reached  a  stage  in  which  it  is  possible 
to  do  more  than  to  refer  readings  to  these  melting-points.  The  as- 
signment of  the  proper  degrees  centigrade  to  the  melting-points  of 
gold  and  platinum  appears  as  yet  to  be  a  somewhat  uncertain  mat- 
ter, but  the  behavior  of  platinum — platinum-rhodium  thermo-ele- 
ments appears  to  be  in  so  far  consistent,  that  when  the  temperatures 
of  these  two  points  are  fixed,  but  little  doubt  need  be  felt  concerning 
the  relative  values  of  the  intervening  temperatures.  Various  wires 
even  from  the  same  maker  will  give  electromotive  forces  that  differ 
slightly  one  from  another,  but  in  general  it  may  be  said  that  with 
pure  platinum — ^platinum-rhodium  (10%)  elements  from  a  given 
stock  of  metal,  the  character  of  the  curve  will  always  be  closely  the 
same.  Since  my  materials  were  from  the  same  source  as  those 
used  by  Holbom  and  Wien,  I  have  contented  myself  with  the  use 
of  their  curve,  merely  shifting  the  ordinates  so  as  to  make  it 
pass  through  the  points  corresponding  to  the  electromotive  forces 
at  the  melting-points  of  gold  and  platinum  as  determined  by  my- 
self. Various  calibrations  made  in  the  course  of  other  work  appear 
to  justify  this  procedure.  These  calibrations  I  hope  to  discuss  at 
considerable  length  in  a  forthcoming  paper.  Whatever  changes  it 
may  in  future  be  found  necessary  to  make  in  the  assignment  of  these 
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fixed  points  can  readily  be  extended  to  all  my  data,  by  any  one  who 
may  care  to  do  so. 

To  Mr.  L.  W.  Hartman,  who  aided  me  in  making  many  of  the 
observations  described  in  this  paper,  I  desire  to  express  my  indebt- 
edness. 

Physical  Laboratory  of  Cornell  University,  February  21,  1900. 
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NOTE  ON   THE  LAW  OF   DISTRIBUTION  OF  VELOC- 
ITIES  AMONG   GAS    MOLECULES. 

By  N.  D.  C.  Hodges. 

LET  us  consider  one  molecule.  Let  this  molecule  pass  from  a  point 
A^  \.o  2k  point  By  the  time  of  passing  being  such  that  the  molecule 
shall  have  come  in  contact  with  as  many  molecules  as  there  are  in  the 
unit  of  volume.  By  taking  a  unit  of  volume  large  enough,  the  molecule 
considered  will,  when  it  reaches  By  have  passed  through  all  possible  veloci- 
ties, and  through  each  velocity  in  proportion  to  the  frequency  of  that 
velocity  among  the  molecules,  /.  ^.,  according  to  the  law  of  distribution, 
if  such  exists. 

The  system  consisting  of  the  single  molecule  and  all  the  other  mole- 
cules is  a  conservative  system.  The  sum  of  the  kinetic  energy  of  the 
single  molecule  and  that  of  all  the  others,  remains  constant.  The  prin- 
ciple of  least  action  applies. 

Any  particular  velocity  being  represented  by  ^,  the  number  of  times 
the  molecule  will  have  a  velocity  between  c  and  c  +  dc  in  passing 
from  A  to  By  will  depend  on  Ny  the  total  number  of  molecules  in  unit  of 
volume,  on  some  function  of  Cy  tp  (^•),  the  form  of  which  is  to  be  deter- 
mined, on  dcy  and  on  a  constant  A  dependent  on  the  temperature  of 
the  gas  and  the  molecular  weight. 

The  kinetic  energy  at  any  instant  will  be  expressed  by  ANc^fp{c)dc 


and  the  action  by  AN  j    (^<p{c)dc. 


s/h 
That  this  may  be  a  minimum,  ^(r)  must  have  the  form  — — <?" 

s/t: 

Hence  the  expression  for  the  action  becomes 
ANs/h 


s/z 


r 


c'e-'^dc. 


As  the  variation  in  the  action  due  to  changes  of  temperature  is  involvde 
in  Ay  this  expression  is  solely  dependent  on  the  number  of  velocities  the 
molecule  passes  through,  /.  e.y  it  equals  N,  ,\  A  =  4/t,,  And  the  law 
of  distribution  is 

4N/1*    -*«« 


Harvard  University,  Cambridge,  Mass. 
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NEW  BOOKS. 

The  Elements  of  Physics.     By  Henry  Crew,  Ph.  D.     Pp.  xiv  +  347. 
The  Macmillan  Co.,  New  York,  1899. 

It  is  not  often  that  the  reading  of  an  elementary  text -book  of  physics 
can  be  referred  to  as  distinctly  refreshing,  and  yet  in  the  case  under  con- 
sideration this  is  exactly  true.  The  author  writes  in  so  lively  a  style, 
with  so  much  enthusiasm  for  the  subject,  and  with  so  appreciative  a  recog- 
nition of  the  value  of  the  experience  that  the  average  boy  has  at  his  dis- 
posal in  beginning  the  study  of  physics,  that  the  attention  is  arrested  at 
the  outset. 

The  usual  order  of  development  of  the  subject  is  followed,  but  the 
treatment  is  by  no  means  commonplace.  In  the  discussion  of  a  topic  the 
author  usually  follows  the  order  of  the  historical  development  of  the  sub- 
ject, as  being  in  most  cases  the  natural  approach.  There  is  a  notable  ex- 
ception to  this,  however,  in  the  treatment  of  mechanics,  where  the  usual 
method  is  followed,  of  beginning  with  motion  and  later  taking  up  cases 
of  equilibrium.  It  seems  to  us  that  in  introducing  beginners  to  so  diffi- 
cult a  subject  as  mechanics,  we  would  do  well  to  follow  the  guidance  of 
history  and  begin  with  questions  of  equilibrium  before  taking  up  problems 
involving  acceleration  with  their  attendant  difficulties.  Of  course  the 
method  adopted  has  advantages  when  the  object  in  view  is  the  systematic 
presentation  of  the  subject,  and  this  is,  doubtless,  why  it  is  so  generally 
employed  in  spite  of  its  disadvantages  from  a  pedagogical  standpoint. 

The  excellent  plan  has  been  adopted  of  giving  the  names  of  distin- 
guished physicists  in  connection  with  their  discoveries,  and  with  each  in 
brackets  the  dates  of  birth  and  death  ;  thus  almost  unconsciously  the 
student  comes  to  have  a  historical  perspective  of  the  subject.  The 
author's  interest  in  the  history  of  the  subject  leads  him  to  reprint  the  very 
interesting  original  account  of  Boyle's  experiments  on  the  "  Spring  of  the 
Air,"  and  in  the  case  of  Torricelli's  experiment  to  come  to  the  defense 
of  the  old  horror  vacui  theory  in  a  way  that  is  quite  amusing. 

A  treatment  of  water  waves  that  is  unusually  complete  for  an  elemen- 
tary text-book  is  an  excellent  feature.  The  change  of  front  due  to  retar- 
dation in  shoal  water  is  discussed  and  used  to  advantage  later  in  consid- 
ering the  refraction  of  light  waves.  It  seems  tp  us  that  in  most  of  our 
text-books  the  subject  of  surface  waves  receives  very  scant  treatment,  con- 
sidering its  importance. 
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In  treating  the  subject  of  electrical  resistance  the  author  prefers  to 
approach  it  from  the  heating  effect  of  the  current,  and  does  not  take  up 
Ohm's  law  till  almost  the  last  topic  in  his  treatment  of  currents,  though 
it  would  seem  to  us  that  the  early  introduction  of  the  point  of  view  of 
electric  currents  expressed  by  Ohm's  law  might  be  a  help  to  the  student. 

Special  references  to  other  books  are  given  at  the  ends  of  some  of  the 
chapters,  with  comments  as  to  the  character  of  the  treatments  referred  to. 
These  will  doubtless  be  very  helpful  to  a  student  wishing  to  go  more  ex- 
tensively into  some  part  of  the  subject. 

The  whole  treatment,  though  elementary,  is  exact  and  quantitative, 
and  numerous  problems  are  given.  The  student  who  masters  this  text- 
book will  have  to  thinks  but  he  will  find  himself  stimulated  and  helped 
in  his  thinking  by  a  natural  presentation  of  the  subject,  by  clear  state- 
ments, lucid  explanations  and  apt  illustrations. 

The  general  arrangement  is  clear  and  systematic,  good  use  being  made 
of  diflferent  styles  of  type  in  emphasizing  important  points. 

On  the  whole  the  book  is  to  be  distinctly  approved  as  a  freshly -written 
modem  presentation  of  the  subject,  elementary,  but  exact  and  thorough, 
and  well  adapted  for  advanced  high  school  instruction.  The  teacher 
will  find  in  it  many  valuable  suggestions.  The  author  is  a  teacher  of  ex- 
perience, who  has  evidently  given  thought  to  the  art  of  presenting  the 
subject  so  that  it  may  be  most  readily  grasped  by  the  pupil. 

Arthur  L.  Kimball. 

A    Text-book  of  Physics,     By  W.  Watson.     London,    Longmans, 
Green  &  Co.,  1899.     Pp.  xxii  +  896. 

This  addition  to  the  rapidly  growing  list  of  physics  text-books  contains 
many  notably  commendable  features.  One  recognizes  in  it  at  once  the 
work  of  a  skillful  writer,  an  experienced  teacher  and  a  working  ph)rsicist. 
Mr.  Watson's  volume  is  comprehensive  in  the  sense  that  it  states  nearly 
every  essential  principle  of  physics,  says  something  on  all  of  the  important 
phenomena,  and  describes  a  great  number  of  the  methods  by  which  our 
knowledge  of  the  leading  facts  of  the  science  has  been  attained.  There 
is  likewise  a  wealth  of  well  selected  tabular  data  interspersed  throughout 
the  book.  The  volume  is  bulky,  consisting  of  nearly  900  pages  of  closely 
printed  matter,  but  when  we  turn  to  any  given  topic  we  find  that  its 
bulkiness  is  not  due  to  the  introduction  of  any  considerable  amount  of 
detail  in  the  description  or  in  the  theoretical  discussions,  but  is  simply  a 
sjrmbol  of  the  enormous  amount  of  material  which  has  to  be  included  in 
any  treatise  covering  the  domain  of  modern  physics.  The  individual 
topics  indeed  are  very  briefly  considered,  and  one  is  inclined  to  quarrel 
with  them  on  the  score  of  omission  rather  than  because  they  are  over- 
loaded with  unnecessary  matter.  The  author's  statements  are  for  the 
most  part  clear,  and  in  accordance  with  the  accepted  views  of  physicists. 
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One  finds,  as  he  must  expect  to  find  in  any  such  treatise,  minor  points 
concerning  which  he  would  take  issue  ;  as,  for  example,  where  electro- 
motive force  and  difference  of  potential  are  specifically  stated  to  be  dif- 
ferent names  for  one  and  the  same  thing,  or  where,  as  in  the  diagram  on 
page  516,  wave-lengths  of  light  are  expressed  in  centimeters  multipled  by 
10  ~"  (the  minus  sign  in  the  exponent  is  omitted ;  a  misprint  that  is  not 
likely  to  mislead  any  one),  instead  of  using,  as  elsewhere  in  the  volume, 
one  of  the  two  accepted  systems.  It  is  true  that  the  reference  of  wave- 
lengths to  a  unit  thus  simply  related  to  the  centimeter  might  well  be  pre- 
ferred to  either  of  those  which  have  come  into  use,  but  it  is  a  question 
whether  in  a  text-book  it  is  well  to  depart  from  the  general  practice, 
especially  as  the  author  in  subsequent  pages  reverts  to  the  beaten  path. 

These,  however,  are  matters  of  little  moment.  The  important  thing 
is  that  Mr.  Watson  has  produced  for  us  a  treatise  on  experimental  physics, 
which  contains  brief  and  accurate  statements  of  so  many  of  the  important 
topics  in  physics.  The  value  of  the  book  as  a  reference  work  would  have 
been  greatly  increased  by  the  introduction  of  citations  of  original  sources, 
and  this  remark  applies  particularly  to  the  well-selected  tables  of  physical 
constants.  Many  of  the  illustrations  are  new,  and  some  of  them  will  be 
welcome  additions  to  the  store  of  illustrative  material  already  at  the  com- 
mand of  the  teacher. 

We  are  glad  to  note  what  is  really  very  unusual  among  British  writers, 
even  of  the  modern  school :  that  is,  a  fairly  consistent  adherence  to  the 
gram,  the  centimeter  and  the  second  as  fundamental  units. 

E.  L.  N. 
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THE    TRANSMISSION    OF    THE    IONIZED    EXHALA- 

TIONS   OF   PHOSPHORUS   THROUGH 

AIR  AND  OTHER  MEDIA.  * 

By  C.  Barus. 

I.  The  experiments  of  the  present  paper  have  been  made  by  an 
electrical  method.  They  relate  to  the  decay  of  the  ionization  of 
phosphoric  dust  in  the  lapse  of  time,  and  to  the  transmission  of  the 
same  through  layers  of  air,  or  other  media,  or  barriers.  I  hope  to 
decide  whether  a  form  of  radiation  is  presumable,  or  whether  the  case 
is  merely  that  of  an  ionized  gas  exhaled  by  slowly  oxidizing  phos- 
phorus. The  results  which  I  have  obtained  are  remarkably  simi- 
lar to  the  behavior  of  thorium  recently  investigated  by  Rutherford,* 
and  the  theory  of  the  phenomenon  might  be  gfiven  in  accordance 
with  the  better  established  principles  as  he  has  done.  I  shall  ven- 
ture, however,  to  treat  the  case  in  a  simple  and  direct  manner,  in 
order  to  present  it  more  consistently  with  my  last  paper*  on  the 
same  subject,  in  which  the  attempt  was  made  to  arrive  at  the  ion 
velocity  of  phosphoric  dust  by  a  non-electrical  method. 

>  Communicated  with  the  permission  of  the  Secretary  of  the  Smithsonian  Institute. 

«Phil.  Mag.  (5),  XLIX.,  p.  I,  Jan.,  1900. 

*  Science,  XI.,  p.  201,  Feb.  9,  1900.  The  .ionization  of  phosphoric  dust  was  known 
to  Matteud,  and  has  been  studied  since  by  Neccarri  and  by  Bidwell.  I  believe  to  have 
been  the  first  to  point  out  its  remarkable  activity  in  producing  condensation,  and  the  sub- 
stance is  specially  interesting  to  me  because  of  this  property.  Cf.  Bull.,  No.  12,  U.  S. 
Weather  Bureau,  1895. 
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Let  k  be  the  ion  velocity  of  the  phosphoric  dust  particle,  nor- 
mally to  a  charged  wall,  A,  The  prism  of  phosphoric  air  which 
reaches  A  in  one  second  will,  for  any  appreciable  length  in  the 
direction  of  k,  be  at  an  average  potential  zero,  and  its  successive 
layers  will  on  the  average  show  no  charge,  although  saturated  with 
the  ionized  agency  stated.  Considered  non-statistically,  however, 
the  individual  sections  at  molecular  distances  apart  must  convey 
immensely  diflFerent  charges  successively,  the  distribution  of  charge 
or  of  potential  on  successive  sections  following  a  law  something 
like  Maxwell's,  for  instance,  relative  to  the  distribution  of  velocity 
among  molecules  in  the  kinetic  theory  of  gases.  To  deal  with  the 
problem  in  this  broad  form  would  make  it  needlessly  cumbersome, 
without  conducing  to  the  present  purposes.  Apart  from  this,  it 
seems  possible  to  obviate  the  question  of  distribution  somewhat  as 
follows  : 

Suppose  the  distribution  of  potential  in  the  direction  of  k  is  enor- 
mously variable  as  compared  with  the  potential  of  A,  in  such  a  way 
as  to  give  preference  neither  to  positive  nor  to  negative  values.  A 
will  lose  charge  if  its  potential  is  instantaneously  greater  than  that 
of  the  section  which  meets  it ;  it  will  receive  charge  in  the  opposite 
case.     A  at  potential   zero,  therefore,   neither  receives  nor  loses 

charge,  since  the  number  of  sections 
reaching  A  in  an  appreciable  time 
carry  equal  and  opposite  charges  in 
like  distribution.  If  the  charge  on 
A  is  positive  there  must  then  be  fewer 
layers  which  impart  charge  to  A  and 
more  layers  which  withdraw  it  than 
in  the  preceding  case,  since  the  aver- 
age charge  on  the  layers  is  still  zero. 
Hence  A  will  be  discharged  in  the 
lapse  of  time  and  this  more  rapidly 
as  its  potential  is  higher.  Precisely 
the  reverse  will  happen  if  A  is  negatively  charged.  Hence  to  avoid 
the  law  of  distribution  specified  I  suppose  that  the  charge  per  square 
centimeter  on  A  is  relatively  so  small  that  if  it  is  increased  n  times, 
there  will  be  n  times  fewer  layers  to  charge  it  and  n  times  more  layers 
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to  discharge  it  than  in  the  initial  case.  In  other  words  I  regard  the 
charge  on  A  per  square  centimeter  small  enough  to  correspond  to  a 
linear  element  of  the  law  of  distribution  of  charges  along  the  length 
of  the  prism  k.  Thus  the  rate  of  A  is  caet.  par.  proportional  to  Q, 
its  excess  above  the  average  charge  of  the  advancing  ionized  sec- 
tions which  merge  into  A, 

If  n  be  the  total  number  of  ions  per  cubic  centimeter,  and  e  is  pro- 
portional to  the  charge  (positive  or  negative)  carried  by  each,  k  n-e. 
is  the  total  quantity  of  free  electricity  of  both  kinds  promiscuously 
carried  to  A,  per  second  per  square  centimeter.  The  rate  of  dis- 
charge of -^  is  thus  —  dQldt^  Q-nk-e,  where  the  constant  of  pro- 
portionality is  contained  in  e.  The  integral  of  the  equation  is 
Q  =  QqZ  "  **^  and  the  potential  of  the  charged  plate  therefore 

S^  =  fo«"*^  (i) 

in  the  lapse  of  time,  /,  after  charging  to  the  initial  potential  <pQ, 

If  instead  of  the  plate  A,  a  cylindrical  surface  of  radius  r  be  given 
like  the  core  of  a  tubular  condenser,  for  instance,  the  number  of 
particles  reaching  the  surface  per  square  centimeter  per  second  is 
n{k  +  J^/2r)e.     Thus  —dQ/di  =  Qft{k  +  i^/2r)e,  and 

^  =  ^^£ -•<*+*-«'>•'.  (2) 

If  r  is  infinite  equation  (i)  is  reproduced. 

Corresponding  equations  follow  for  the  case  of  charging  the  elec- 
trometer;  but  as  for  practical  reasons  my  work  is  confined  to  dis- 
charging condensers,  further  mention  is  superfluous  here. 

The  conveyance  of  charge  into  the  ionized  region  would  be  sim- 
ilarly explained,  virtually  in  the  usual  way,  following  Clausius. 
Through  any  interface  in  the  ionized  region  two  such  prisms  may 
be  imagined,  traveling  in  opposite  directions.  They  travel  to  and 
from  a  boundary.  The  motion  of  the  prism  k  is  an  abstraction ;  but 
if  I  accentuate  it  here,  I  do  so  because  in  the  present  investigation 
with  phosphorus  it  may  run  closely  parallel  to  the  actual  state  of 
things.  When  the  phosphorus  grid  is  placed  on  a  smooth  clean 
surface,  the  position  of  the  discs  is  soon  marked  by  apparent  grease 
spots,  due  to  deliquescing  phosphoric  oxide  which  has  diffused 
across.     Virtually  therefore  an  outgoing  current,  originating  in  the 
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phosphoric   source  is  continually  kept  up,  whether  electricity  is 
demonstrably  conveyed  or  not. 

In  the  annexed  table,  I  have  given  an  example  of  the  results, 
which  is  sufficient,  inasmuch  as  the  large  number  investigated  pre- 
sent throughout  the  same  character.  The  following  figure  shows 
the  method  of  experiment 

-ff,  is  a  water  battery  of  48  volts,  permanently  charging  the 
quadrants  of  an  Elliott  electrometer,  one  of  which  is  always  earthed 

as  controlled  by  the  switch  5,.  B^ 
is  a  storage  battery  (20  cells  suffice), 
one  pole  of  which  is  kept  earthed  as 
determined  by  the  switch  Sj,  to  be 
closed  momentarily  in  charging.  The 
other  terminal  charges  the  two  con- 
densers in  parallel,  MNm  the  electro- 
meter, and  CP  for  the  ionization  ex- 
periment. The  plates  M  and  P  are 
also  permanently  earthed.  N  com- 
municates in  the  usual  way,  with  the 
needle  of  the  electrometer,  which  is 
thus  at  the  same  potential  as  the 
plate  C,  /*  is  a  phosphorus  grid,  consisting  of  two  sheets  of 
wire  gauze  facing  each  other  and  placed  closely  together  so  that 
between  them  thin  discs  of  phosphorus  may  be  secured.  As  the 
air  has  free  access  to  P  on  all  sides,  the  medium  between  C  and  P 
is  heavily  charged  with  phosphorus  dust  The  essential  precau- 
tions to  be  observed  in  work  of  this  kind  will  be  given  elsewhere. 
Barriers  are  placed  for  examination  between  C  and  P  quite  out  of 
contact  with  the  former  plate. 

Table  I.  shows  the  leakage  through  the  condenser  CP  when  the 
plates  are  rf=  4  centimeters  apart,  a  relatively  large  distance.  The 
exponential  character  of  the  law  of  discharge  is  manifest,  but  the 
decrease  is  throughout  faster  than  can  be  reproduced  by  a  simple 
geometric  progression  of  the  kind  premised  above.  This  might 
plausibly  be  ascribed  to  the  waning  activity  of  phosphorus  itself  in 
the  lapse  of  time,  and  hence  c  =  nk-elog  e  is  necessarily  a  decreas- 
ing quantity  as  n,  the  number  of  particles  per  cubic  centim.  is  sup- 


Digitized  by 


GoogI( 


No.  5.] 


EXHALATIONS  OF  PHOSPHORUS. 

Table  I. 

Permanence  of  phosphorus  emanation. 
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Absorbent 

Distance 

Time 

Observed  Po- 
tential 
Difference. 

Computed  Po- 
tential 
Difference. 

c^nkt  • 

Medium. 

apart. 

d 

/ 

log€ 

Air. 

4  cm. 

10  h.    Om. 
10 
15 
20 

Om. 
10 
15 
20 

40.0  volts. 
39.0 
39.0 
38.6 

.0007 

Air  saturated 

4  cm. 

10  h.  27  m. 

Om. 

39  volts. 

39  volts. 

.0360 

with    phos- 

28 

1 

35 

36 

phoric  dust 

29 

2 

32 

33 

30 

3 

29 

31 

31 

4 

27 

28 

32 

5 

25 

26 

33 

6 

23 

24 

34 

7 

21 

22 

35 

8 

20 

20 

36 

9 

19 

19 

37 

10 

17 

17 

38 

11 

16 

16 

39 

12 

16 

15 

40 

13 

15 

13 

46 

19 

13 

— 

51 

24 

13 



57 

30 

9 

— 

plied  at  a  diminishing  rate  by  the  phosphoric  source.  Direct  ex- 
periments negatived  this  supposition  except  for  small  distances,  as 
the  following  examples  chosen  at  random  from  many  results  of  the 
same  kind  demonstrate. 


fTune 

I  Potential  difference 

fTime 

i  Potential  difference 

According  to  the  above  table  the  rate  of  discharge  of  the  freshly 
charged  condenser  before  and  after  an  interval  of  nearly  3  hours  is 
not  discemably  different.     The  successive  values  of  c  were 


Table  II 

. 

Decay  of  the  ionizing  activity  of  phosphorus. 

2h.  44m. 

2h.  44.5m. 

2h.  45m. 

2h.  45.511: 

L           d  = 

=  3 

cm. 

35.6 

32.4 

29.4 

26.8 

(volts) 

5h.  22m. 

5h.  22.5m. 

5h.  23m. 

5h.  23.5m 

/= 

=  3 

cm. 

35.4 

32.4 

29.4 

27.0 

(volts) 

Time 

2h.  45m.    2h.  56m.  3h.  17m.    3h.  48m. 

4h.  18m.  4h.  46m.    5h.  23m. 

r  = 

.081           .078         .086           .078 

.078           .070         .080 
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Fluctuation  of  temperature  and  air  currents  account  for  these  irreg- 
ularities.    With  plates  I  centim.  apart  the  values  of  c  were 

Time 


lOh.  20[n. 

26m. 

37m. 

47m. 

60m. 

llh.  28m. 

(12h.  Im.) 

.39 

.39 

.37 

.34 

.35 

.34 

(.33) 

The  last  datum  was  obtained  on  readjusting  the  plates.  Fluctu- 
ations here  are  greater,  amounting  to  .05/68  or  .0007  per  minute, 
while  the  value  .0009  is  found  in  connection  with  other  experiments 
below. 

Thus  it  is  improbable  that  in  1 5  minutes  or  less  (usually  less  than 
5  minutes),  which  outlasts  the  time  of  a  single  series  of  observations 
there  should  be  any  appreciable  diminution  of  the  ionizing  potency 
of  the  phosphoric  source.  As  I  have  not  made  up  my  mind  on  a 
satisfactory  explanation  I  give  below  an  exhibit  of  the  inadequacy  of 
the  simple  geometric  equation.  Let  the  observations  be  separated 
into  two  halves,  and  the  constant  c  be  computed  from  corresponding 
members,  f,  /,  and  <p\  f,  of  the  two  series.  The  values  c  and  /  of 
the  table  show  the  datum  so  obtained,  and  the  mean  time  for  which 
it  holds.  If  the  process  is  repeated  to  get  the  ratio  of  increments 
dc  and  dt  of  the  values  just  found,  the  data  dcjdt  of  the  table  follow. 
These  ratios  are  practically  constant  in  the  same  series,  but  differ 
widely  in  different  series,  u  e,,  with  c.  Let  the  mean  c  correspond- 
ing to  each  ratio  be  found  as  in  the  table.  Then  if  Scjdt  be  com- 
puted a  datum  is  obtained,  which  though  fully  independent  of  c,  is 
restricted  to  narrow  limits.  Thus  in  place  of  the  above  equation 
there  follows  a  double  exponential  law 

expressing  that  some  independent  action  has  for  the  time  f  been 
decreasing  the  number  of  particles  at  the  rate  7-.  If  C  corresponds 
to  r  as  -A^  corresponds  to  «,  Cjc^  10^' *^*.  The  last  column  shows 
the  values  of  C  found  in  this  way.  Compared  with  c  they  are  con- 
stant enough  to  plausibly  suggest  the  action  of  some  independent 
cause  of  decay,  such  as  one  would  naturally  attribute  to  the  source. 
As  this  is  untenable,  one  may  note  that  the  existence  of  a  counter- 
current,  or  the  occurrence  of  a  species  of  polarization  is  not  unreas- 
onably suggested. 
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Table  shoranng  the  insuffidency  of  a  simple  geometric  progression.     Plates  4  centim. 
apart. 


e 

IcM 

MeaiKT. 

Mean/. 

y-(«c.4/)y    . 

c 

4 

.0374 

.0023 

.0327 

10  b,  31m. 

.071       ' 

.0374 

5 

348 

18 

312 

32 

59 

376 

6        , 

331 

24 

254 

34 

93       ' 

387 

7 

309 

20 

222 

36 

93 

393 

8 

280 

384 

9 

275      1 

' 

406 

12 

177 

1 
1 

346 

IS 

136 

340 

10        , 

.0076 

.0005 

.0059 

11  h.  51m. 

.085 

.0076 

13        1 

55     1 

3 

45 

54 

60       ! 

73 

17        1 

42 

1 

73 

21        ' 

35      ' 

87 

2.  I  next  investigated  the  change  of  //,  the  number  of  particles 
per  cubic  centimeter  with  the  distance  between  the  condenser  plates. 
The  farther  away  the  ions  move  normally  from  the  phosphorus 
grid,  the  fewer  will  have  survived.  As  at  first  trial  I  will  suppose 
that  the  same  relative  number  of  ions  decays  per  second  in  each 
layer.  Thus  —  dnldx  =  an  whence  n  =  n^^"^.  \{  c^n-  k-e  -  log  e 
as  given  above,  cjc^  =  njn^.  The  following  table  is  a  summary  of  a 
completed  series  of  experiments  computed  in  this  way.     Since  for 

Table  III. 

Transmission    of  phosphoric  dust  in  air.        Summary:     c  =  nke  logt       cjc^^znln^ 
n  =  n^lO'^    o==.25. 


X 

Mean  time. 

Corrected.* 

Corrected 
c  observed. 

Corrected 

c 

.200 

e  computed. 

1.7  cm. 

11  h.    18  m. 

.200 

.200 

.200 

5.7 

22 

.023 

.1% 

.024 

.020 

2.5 

32 

.120 

.187 

.128 

.126 

11.5 

43 

.002 

.178 

.002 

.001 

1.8 

12  h.     3 

.130 

.160 

.162 

.188 

3.7 

14 

.033 

.ISO 

.044 

.064 

1.7 

25 

.140 

.140 

.200 

.200 

10^^ 

.376 
.038 
.237 
.001 
.355 
.119 
.376 


1  The  time  correction  is  here  made  linearly.  At  jr  =  1.7,  the  value  of  c  fell  from  .20 
to  .14  in  67  minutes,  f.  e.,  .0009  per  minute.  This  result  is  referred  to  above  in  relation 
to  Table  II. 
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.  any  two  values  of  ;r,  cjc'  is  a  constant,  the  observed  value  r  is  to  be 
referred  to  a  fixed  value  c'  (;r=  1.7  centimeter)  corrected  for  the  ap- 
parent decreased  intensity  of  phosphoric  ionization  above  referred  to. 
These  values  ^  are  given  in  the  table  as  well  as  the  values  c  re- 
duced in  terms  of  them. 

The  table  deduces  the  mean  value  of  a  to  be  .25,  whence  it  fol- 
lows that  at  i/a  =  4  centimeters,  the  number  of  ions  which  still  sur- 
vive is  but  i/io  of  the  original  number.  Similar  ratios  n/n^=^ 
lO"^  are  given  in  the  last  column.  For  ;r=  i  cm.,  5  cm.,  .1  cm., 
the  relative  numbers  are  n/n^=  .56,  .75,  .94  showing  how  rapidly 
saturation  is  reduced  even  close  to  the  phosphorus  grid. 

The  above  table  exhibits  the  general  character  of  the  phenomena 
fairly  well.  It  is,  however,  theoretically  more  probable  (following 
the  suggestion  originally  given  by  Laplace  in  his  theory  of  capillar- 
ity, and  recently  by  Van  der  Waals  in  the  kinetic  theory  of  gases) 
to  suppose  the  rate  of  decay  to  vary  as  the  square  of  the  number  of 
ions  per  cubic  centimeter.  In  other  words,  ~  ^/«/rf/ =j9"/i^  or  since 
c  =  ine  log  s,  i/r  —  I /c^  =  ^^'x/ke  log  e.  Hence  c  =  cj(  i  —  ^x), 
where  /9  =  ^^^cjke  log  e. 

I  have  given  the  constants  so  obtained  in  the  following  table : 

Table  IV. 

Summary:  c  =  CqI(1  +  Px);     clc^  =  njnQ\     ^0=— .100;     /3  =  — .88. 


X 

c 

Corrected  c  observed 

Corrected  c  computed. 

1.7 

.200 

.200 

.200 

1.8 

.130 

.162 

.172 

2.5 

.120 

.128 

.083 

3.7 

.033 

.044 

.044 

5.7 

.023 

.024 

.025 

11.5 

.002 

.002 

.011 

Hence  the  equation  \jc  —  ijc^  s=s  ^xjc^  where  ^jc^  =  8.8  is  closely 
in  accord  with  the  observations,  but  the  result  for  small  values  of  c 
is  absurd,  since  c^  is  negative.  Inasmuch  as  the  errors  in  the  last 
two  tables  are  cumulative,  better  results  than  this  were  not  to  be 
expected,  seeing  that  a  reason  for  the  apparent  decay  specified  has 
not  been  made  out.  Taking  the  observations  at  their  face  value 
preference  must  be  given  to  the  exponential  first  discussed.    Neither 
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of  these  expressions,  however,  can  be  expected  to  represent 
case  fully,  for  in  both  differential  equations  all  allowance  for  those 
particles  which  escape  laterally  from  between  the  plates,  is  left  out. 
The  term  ignored  may  be  much  more  than  a  correction ;  but  it 
would  be  premature  to  approach  the  question  in  this  form  before 
the  phenomenon  as  a  whole  is  better  understood.  Moreover,  ex- 
periments with  a  small  phosphorus  grid  at  potential  zero  facing  a 
relatively  large  charged  plate,  would  offer  a  disposition  better 
adapted  to  facilitate  computation.  Here  the  lateral  loss  may  be 
made  negligible. 

3.  The  endeavor  is  finally  to  be  made  to  decide  whether  the 
ionized  particles  exhaled  by  phosphorus  are  accompanied  by  some 
form  of  obscure  radiation,  or  whether  the  reaction  is  restricted  to 
an  oxidation,  the  products  of  which  escape  at  first  in  virtually  a 
gaseous  form.  This  is  best  done  by  placing  barriers  of  thin 
material  between  the  plates  of  the  condenser,  care  being  taken  to 
prevent  the  phosphoric  dust  from  passing  around  the  barrier,  yet 
allowing  sufficient  space  for  the  access  of  air.  It  was  my  plan  to 
fold  the  sheets  box-like  around  the  phosphorus  grid  kept  at  poten- 
tial zero,  so  that  escape  around  the  edge  would  require  a  passage 
of  8-10  centims.  to  reach  the  other  plate.     This  suffices,  and  the 


Table  V. 

Transmission  of  phosphorus  ions  through  barriers. 


Barrier. 

Thickness. 

c 

Date. 

Tissue  paper. 

.006  cm. 

.092 

1          Feb.  3. 

<<          << 

<< 

.018 

"     4,  A.  M. 

<(          II 

<< 

.007 

'*     4,  P.  M. 

Writing  paper. 

.010  cm. 

.072 

Feb.  3. 

•<           (< 

t< 

.002 

••     4,  A.  M. 

11           it 

<< 

.002 

'♦     4,  P.  M. 

J  Filter  paper. 
1     «         It 

.020  cm. 

.011 

Feb  4,  A.  M. 

t< 

.008 

"     4,  P.  M. 

Alominum  foil. 

.003  cm. 

.003 

Feb.  4,  A.  M. 

<< 

.002 

"     4,  P.  M. 

J  Insulation. 

.002 

iNone. 

.500 
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plates  may  then  be  placed  quite  closely  together  on  opposite  sides 
of  the  barrier.  Energetic  action  is  secured  at  a  distance  apart  of 
about  I  centim. 

Porous  papers,  like  tissue  or  filter  paper,  transmit  the  emanation 
in  small  quantity,  depending  on  circumstances  not  easily  made  out. 
Usually  not  more  than  a  few  per  cent,  of  the  emanation  will  pass 
even  under  favorable  conditions.  The  large  values  found  for  writ- 
ing and  tissue  paper  on  the  first  day,  were  not  again  obtained  ^  in 
many  subsequent  experiments.  They  may  be  errors,  though  care- 
ful inspection  of  the  results  has  revealed  none.  It  is  also  possible 
that  the  emanation  from  phosphorus  may  be  different  under  qualita- 
tively different  circumstances,  apart  from  intensity. 

The  general  result  obtained  is  thus  definitely  against  any  obscure 
radiation.  The  emanation  passes  in  quasi-gaseous  form  with  great 
difficulty  and  loss  even  through  very  thin  porous  barriers.  It  is 
stopped  by  impervious  media  however  thin.  Oiled  tissue  paper 
cuts  off  the  ions  unconditionally.  Permeability  seems  to  decrease 
in  the  lapse  of  time,  apparently  as  if  deliquescing  phosphoric  add 
clogged  the  pores. 

4.  In  conclusion  I  will  briefly  advert  to  experiments  made  to  de- 
tect ionization  in  other  dust  producers.  The  method  selected  con- 
sisted simply  in  blowing  dust-laden  air  between  the  plates  of  the 
condensers,  the  current  entering  at  the  center  of  the  earthed  plate 
and  escaping  at  the  edges.  Thus  86,000  cubic  Centims.  of  air  bub- 
bled through  concentrated  sulphuric  acid  in  about  6  minutes  pro- 
duced an  electric  leakage  equivalent  to  but  c  =  .0005  ;  while  the 
leakage  of  the  condenser  before  the  experiment  was  r=s.ooio. 
Hence  the  effect  was  increased  insulation  to  the  exclusion  of  all 
traces  of  ionization.  The  same  air  current  tested  in  the  color  tube 
gave  an  intensely  opaque  field,  showing  its  condensation  producing 
potency  to  be  of  high  order. 

Ammonic  polysulphide  tested  in  like  manner  gave  similarly  nega- 
tive results.  About  80,000  cubic  centims.  passed  in  5  minutes 
through  the  condenser  showed  no  leakage  whatever,  whereas,  the 

'  The  large  values  for  tissue  paj>er  and  larger  values  for  filter  paper  (f  =  .05  to  .06) 
have  since  been  obtained  under  trustworthy  conditions.  Possibly  the  emanation  from 
phosphorus  may  not  be  homogeneous  in  relation  to  temperature. 
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insulation  leakage  was  originally  equivalent  to  ^  =  .0006.  In  this 
case,  however,  the  air  current  produced  only  just  perceptible  dark- 
ening in  the  field  of  the  color  tubes,  evidencing  therefore  but  slight 
condensation  producing  tendency.  The  effect  of  this  reagent  on  the 
color  tube  is  in  general  very  fleeting.  When  evaporating  from  the 
stopper  of  the  bottle  it  is  intensely  active  but  only  momentarily,  as 
a  rule.  If  however  the  current  of  air  is  replaced  by  a  current  of 
coal  gas  (which  is  itself  somewhat  dust-laden,  as  appears  when  the 
test  is  made  with  the  color  tube),  the  effect  is  much  more  persistent. 
Indeed  the  air  of  a  large  room  if  rendered  impure  in  this  way,  reacts 
on  the  color  tube  for  a  longer  interval  than  under  any  other  easily 
producible  conditions  which  I  have  found.  The  fleeting  nuclei  from 
ammonium  sulphide  seem  therefore  much  more  stable  when  pre- 
served out  of  contact  with  an  oxidizing  medium  like  air,  and  the 
same  is  true  for  sulphuric  acid  in  a  measure,  and  for  sulphur  itself. 
Brown  University,  Providence,  R.  I. 
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AN   HERMETICALLY    SEALED   TYPE   OF   CLARK 
STANDARD  CELL. 

By  H.  T.  Barnes. 

OF  the  different  types  of  Clark  cell  studied  by  the  writer,  a  few 
hermetically  sealed  cells  were  made  and  briefly  mentioned  in 
another  place.^  The  best  of  these  cells,  of  the  form  known  as  the 
"sealed**  cell,  will  be  described  somewhat  in  detail  in  the  present 
paper.  The  advantage  of  a  cell  that  can  be  completely  closed  by 
glass  fusion  is  obvious.  At  the  same  time  the  cell  should  be  mod- 
erately easy  to  construct,  should  embody  strength  and  compactness, 
and  should  be  perfectly  portable.  The  present  cell  is  primarily  de- 
signed after  the  modified  English  Board  of  Trade  model  known  as 
the  B.  O.  T.  "crystal "  cell.  It  avoids  the  use  of  an  amalgam  but- 
ton for  negative  electrode,  which  almost  invariably  ends  by  splitting 
the  cell  at  the  point  where  the  negative  terminal  is  fused  through 
the  glass,  by  the  creeping  of  the  amalgam  along  the  wire.  It  in- 
cludes the  advantage  of  the  "  crystal  *'  cell,  u  e.,  absence  of  diffusion 
lag,  and  has  the  extra  advantage  of  being  smaller  and  more  sensitive. 
An  important  fact  also  is  that  the  bulb  of  the  cell  containing  the 
sensitive  parts  may  be  completely  immersed  in  a  water  bath,  or 
other  form  of  thermostat,  and  at  the  same  time  is  insulated  thermally 
from  the  outside  electrodes  by  the  thick  glass  neck. 

The  arrangement  of  the  cell  will  be  best  understood  by  reference 
to  Fig.  I.  In  this  the  positive  electrode  is  a  platinum  wire  flattened 
at  one  end  and  amalgamated.  The  wire  is  enclosed  in  a  glass 
capillary  drawn  from  a  small  glass  tube,  shown  in  the  figure, 
as  the  positive  mercury  cup.  The  negative  electrode  is  a  small 
zinc  rod  cast  around  a  platinum  wire  and  its  enclosing  glass  cap- 
illary. This  wire  passes  through  the  main  fusion  join  A^  and  ends 
in  the  outer  or  negative  mercury  cup.  As  soon  as  the  ingredients 
of  the  cell  have  been  filled  in  through  the  open  end,  the  final  seal- 

iH.  L.  Callendar  and  H.  T.  Barnes,  Proc.  Roy.  Soc,  62,  II7  (1897). 
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Potitive  tkotrodt 
(m«rcu7  cup) 


Nsgstfvt  •Isctrodt 
(msrcuiy  cup) 


ing  of  the  cell  is  made  by  quickly  fusing  the  glass  in  the  narrow 
neck,  -ff.  By  placing  a  small  quantity  of  mercury  in  the  cups, 
terminals,  pilot  leads,  or  other  connections  can  be  inserted  for  com- 
parison or  test.  When  the  cell  is  to  be  sent 
away  or  carried  any  distance,  the  mercury 
can  be  at  once  removed  from  the  cups. 
The  contents  of  the  cell  being  in  a  firm 
mass,  the  cell  may  be  kept  in  any  position. 

To  construct  the  outer  containing  vessel, 
a  glass  tube,  about  one  centimeter  in  di- 
ameter, is  selected  and  cut  about  15  or  16 
centimeters  long.  This  tube  is  drawn  in 
the  blowpipe  flame  at  two  places ;  one  for 
the  point  of  main  fusion.  A,  Fig.  i,  be- 
tween 4  and  5  centimeters  from  one  end, 
arid  the  other  B,  so  as  to  leave  a  bulb  for 
the  ingredients  about  5  centimeters  long. 
The  restriction  at  A  is  to  be  left  large 
enough  to  allow  the  zinc  rod  to  pass 
through,  while  that  at  B  should  be  large 
enough  to  allow  of  the  insertion  of  the  in- 
gredients, through  the  remaining  portion 
of  the  main  tube  not  drawn  down. 

The  positive  electrode  is  made  by  drawing  down  a  glass  tube,  of 
the  same  kind  of  glass  as  the  main  tube,  3  or  4  millimeters  in  diam- 
eter, into  a  firm  strong  capillary.  This  is  shown  at  P  in  Fig.  2. 
The  capillary  should  be  long  enough  to  reach  from  the  main  restric- 
tion, A^  almost  to  the  other  restriction,  B,  A  platinum  wire,  rolled 
flat  for  about  a  centimeter  at  one  end,  is  passed  through  the  cap- 
illary, and  sufficient  length  left  protruding  into  that  portion  of  the 
tube  not  drawn  down,  which  serves  as  the  positive  mercury  cup. 
The  capillary  tube  should  be  melted  around  the  wire  only  at  the 
end  near  the  flattened  portion.  The  amalgamation  of  the  flattened 
end  is  done  by  hedting  red  hot  and  cooling  suddenly  in  pure 
mercury. 

The  negative  electrode  is  made  in  the  following  way :  a  small 
mold  of  glass  is  constructed  from  a  glass  tube  about  3  millimeters 


Flatt«n«d  Pt  wir« 
(AmalgwTwted) 


Tubs  for  filling 
in  Ingrsditnts 
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in  diameter  and  is  filled  with  particles  of  absolutely  pure  zinc.  These 
zinc  particles  are  melted,  and  while  melted,  a  platinum  wire  and  a 
portion  of  its  enclosing  glass  capillary  is  thrust  in.  On  cooling  and 
solidifying  the  glass  mold  is  broken  away,  leaving  the  small  zinc 
rod  firmly  attached  to  the  capillary  tube.  This  terminal  is  shown 
at  N,  Fig.  2.  It  should  be  long  enough  to  reach  from  the  seal  A 
to  the  middle  of  the  cell.  Before  inserting  in  the  cell,  the  zinc  rod 
should  be  scraped  clean  and  bright  and  amalgamated  by  dipping 
into  pure  mercury  upon  the  top  of  which  a  thin  layer  of  dilute  sul- 
phuric acid  is  placed.  By  this  means  the  zinc  surface  comes  in 
contact  with  the  mercury  immediately  after  cleaning  in  the  sul- 
phuric acid,  which  is  essential  to  ensure  perfect  amalgamation. 
After  this  process  the  rod  should  be  most  carefully 
washed  free  from  every  trace  of  acid  and  dried  with  filter 
W         paper. 

In  making  the  main  fusion,  the   two  electrodes  are 
placed  in  position  by  inserting  them  through  the  restric- 
tion at  A,  the  positive  electrode  held  central  by  means  of 
small  wedges,  and  the  glass  melted  uniformly  until  it 
runs  together  around  the  two  wires  in  a  firm  thick  neck. 
The  join  is  then  carefully  annealed  to  avoid  cracking 
in  the  glass,  which  is  liable  to  occur  around  the  point 
p.    2         where  the  positive  mercury  cup  is  sealed  in,  or  at  the 
point  where  the  negative  wire  passes  through.     Before 
placing  the  electrodes  in  the  cell,  the  ends  of  the  wires  for  the  mer- 
cury cups  may  be  amalgamated. 

In  filling  the  cell,  it  is  turned  upside  down  and  a  small  quantity 
at  a  time  of  moist  zinc  sulphate  crystals  pushed  through  the  narrow 
neck  by  means  of  a  small  stiff  glass  rod.  Once  through  the  neck 
they  can  be  shaken  down  into  place.  Crystals  are  added  until  the 
zinc  rod  is  well  covered.  The  paste,  consisting  of  the  usual  mix- 
ture of  pure  washed  mercurous  sulphate  and  zinc  sulphate  crystals, 
is  then  pushed  through  in  the  same  way.  The  paste  should  com- 
pletely cover  the  flattened  platinum  wire.  A  few  zinc  sulphate 
crystals  are  then  pushed  through  until  they  form  a  thin  layer  over 
the  paste.  The  neck  is  then  cleaned  and  dried  as  much  as  possible 
with  filter  paper,  and  fused  together  quickly  in  a  small  blowpipe 
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flame.  Very  little  heat  is  imparted  to  the  glass  beyond  the  neck, 
and  what  is  passed  to  the  ingredients  is  taken  up  by  the  thin  layer 
of  zinc  sulphate  crystals,  thus  avoiding  any  decomposition  of  the 
mercurous  sulphate.  The  small  bubble  of  air  left  after  fusing  the 
neck  allows  of  the  slight  expansion  of  the  materials  and  guards 
against  the  bursting  of  the  cell.  The  completed  cell,  as  in  daily 
use  in  this  laboratory,  is  shown  by  the  pho- 
tograph in  Fig.  3,  about  two-thirds  natural 
size. 

Preparation  of  the  Ingredients. 

Mercury, — For  amalgamation  the  mer- 
cury should  be,  when  very  impure,  twice 
distilled  in  vacuum.  When  moderately 
pure,  a  single  distillation  is  sufficient. 

Zinc  Sulphate,— Th^  ease  with  which  the 
very  purest  anhydrouszinc  sulphate  is  ob- 
tained from  any  of  the  standard  chemical 
manu  facturers,  makes  it  quite  unnecessary 
to  treat  the  solution  with  zinc  oxide  for 
neutralization,  as  recommended  by  the 
older  processes.  In  order  to  obtain  the 
heptahydrate  crystals,  the  anhydrous  salt 
is  dissolved  in  water  and  a  solution  satu- 
rated at  30°  C.  prepared.  While  at  30°  a 
small  quantity  of  pure  washed  mercurous 
sulphate  may  be  added,  but  it  is  not  always 
necessary.  It  would  depend  on  whether 
there  was  a  trace  of  zinc  oxide  in  the  an- 
hydrous salt.  It,  however,  will  do  no  harm 
and  is  immediately  removed  by  filtering 
the  solution  in  a  water-jacketed  funnel  at  30°.  The  clear  filtrate 
is  cooled  in  melting  ice,  and  the  supernatant  liquid  poured  off  from 
the  batch  of  crystals  produced.  Should  a  yellow  turbidity  appear 
in  the  process  of  cooling,  it  shows  that  the  solution  containing  the 
mercurous  sulphate  has  been  heated  to  35®  or  over.  It  is  better  to 
avoid  the  yellow  turbidity  altogether  by  not  heating  above  30°,  but 
if  present,  the  crystals  may  be  remelted  and  the  solution  filtered  un- 
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til  completely  removed.  The  crystals  produced  in  the  melting  ice 
are  put  aside  in  a  stock  bottle. 

Mercurous  Stdphate. — ^The  purest  mercurous  sulphate  should  be 
obtained  and  washed  by  decantation  several  times,  with  pure  distilled 
water.  After  the  final  washing  the  salt  is  caught  on  a  filter  and 
drained.  When  moderately  dry  it  is  transferred  to  a  mortar  and  an 
equal  quantity  of  zinc  sulphate  crystals  added  from  the  stock  bottle. 
The  mixture  is  ground  into  a  thick  paste  with  some  pure  metallic 
mercury  and  transferred  to  a  second  stock  bottle,  dark-colored  or 
otherwise  protected  from  the  action  of  the  light  by  black  paper. 

Tests  and  Comparsions. 
From  a  careful  study  of  the  change  of  E.M.F.  with  temperature, 
for  the  various  types  of  cells  devised,  the  following  simple  formula 
in  millivolts  was  found  to  fit  the  observations  most  closely  between 
o^C.  and  30° C 

£,  =  -fi^  —  1.200  (/  —  15)  —  0.0062  (/  —  1 5)1 ...  (A) 

The  analogous  formula  finally  obtained  by  Kahle  reads 

^.  =  ^15-  i-i9(^-  iS)-o.oo7(/-  IS)', 

which  is  in  remarkable  agreement.  By  formula  {A)  the  total  change 
between  15  and  o°C.  is  16.60  millivolts,  while  between  15*^  and 
30°C  it  is  19.40  mv.  At  30°  the  actual  observed  change  diverges 
from  this  simple  parabolic  formula,  increasing  more  rapidly  as  the 
temperature  rises  to  40°,  when  the  sudden  change  of  hydration  of 
the  zinc  sulphate  causes  the  E.M.F.  to  rise  and  follow  a  different 
curve.  The  character  of  the  temperature  curve  above  30°  and  40® 
has  been  studied  by  the  author,  and  the  details  of  the  experiments 
have  already  been  published.^  In  that  place  it  was  shown  that 
formula  A,  when  corrected  by  the  additional  term 

—  0.00006  (/  —  1 5)* ...  {B) 

holds  with  great  accuracy  over  the  range  15®  to  40® C  Above 
40®  the  following  expression  represents  the  hexahydrate  branch  of 
the  curve 

^<  =  ^39  -  i-ooo  (t -  39)  -  0.007  (^  -  39)'  •••  (O 

iH.  T.  Barnes,  Joura.  Phys.  Chem.,  4,  I  (1900). 
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It  appears  probable  that  the  divergence  from  the  simple  para- 
bolic formula  {A)  above  30°  is  due  to  some  action  of  the  mercurous 
sulphate  at  the  higher  points,  which  does  not  appear  below  30°, 
and  is  also  the  cause,  as  has  been  pointed  out,  for  the  lower  value 
given  by  the  Clark  cell  for  the  temperature  of  inversion  of  the 
heptahydrate  and  hexahydrate  (38°.78C.),  as  compared  with  the 
value  given  by  solubility  determinations,  which  places  it  more 
nearly  at  40^C. 

A  sufficiently  clear  idea  may  be  obtained  of  the  accuracy  and 
sensitiveness  of  the  "sealed"  cell  by  reference  to  the  author's 
paper  above  referred  to,  on  the  inversion  of  the  hepta-  and  hexa- 
hydrates  of  zinc  sulphate  in  the  Clark  cell.  However,  various 
other  data  are  available  and  hitherto  unpublished  on  this  form  of 
cell,  and  may  not  be  out  of  place  here. 

In  Table  I.  are  shown  comparisons  on  several  cells  made  at  dif- 
ferent times,  with  different  materials.  The  differences  in  their 
E.M.F.  are  expressed  in  millivolts. 

Table  I. 


Cell. 

Jan.  1896. 

Feb.  1896. 

Feb.  X898. 
~  +0.07  " 

!      May  1898. 
+0.02 

Jan.  1899. 

s, 

-0.11 

-0.13 

+0.00 

s. 

-0.10 

S4 

+0.05 

-fO.03 

s» 

+0.10 

+0.11 

+0.13 

+0.12 

+0.17 

s. 

+0.01 

s, 

+0.01 

Si. 

-0.02 

s,, 

H).05 

nS„ 

H).OS 

s„ 

+0.27 

s» 

H).05 

The  differences  are  of  the  order  of  ^  of  a  millivolt;  with  the  ex- 
ception of  Sjj,  which  was  tested  rather  too  soon  after  being  set  up. 
O^ing  to  its  removal  from  the  laboratory  with  Sjj  shortly  after,  no 
further  tests  were  obtained.  It  is  probable,  however,  that  it  may 
have  contained  a  slight  trace  of  acid  from  the  amalgamation  of  the 
zinc,  which  could  only  be  removed  by  very  vigorous  means,  such 
as  short-circuiting  the  cell,  or  otherwise  by  the  lapse  of  time.     In 
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fact,  one  of  the  best  methods  of  ag^ng  a  cell  and  bringing  it  into  a 
steady  normal  condition  is  by  short-circuiting  it  with  a  copper  wire 
for  half  an  hour  or  so  after  setting  up.  The  reads  in  Table  I.  show 
the  variation  from  the  mean  of  cells  S^  to  S^.  Comparisons  of 
cells  Sj,,  to  Si3  were  made  indirectly  to  cells  S^  to  S^  by  comparison 
with  five  B.O.T.  test-tube  **  crystal "  cells  that  have  been  in  the 
laboratory  since  1895.  A  comparison  of  the  means  of  the  five 
sealed  cells  with  the  five  crystal  cells  showed  that  the  former  ex- 
ceeded the  latter  by  only  0.08  millivolt.  The  five  crystal  cells 
have  maintained  their  relative  difTerences  in  a  very  satisfactory 
manner,  as  will  be  shown  in  another  place. 

During  the  progress  of  the  author's  experiments  on  the  specific 
heat  of  water  in  terms  of  the  international  electrical  units,  two  of 
these  sealed  cells  were  used  and  frequent  comparisons  made  for  a 
little  over  a  year.     These  comparisons  are  given  in  Table  II.,  and 


Table  II. 


•s-.-^. 

•^5 

-^1 

Date  of 

Difference  in 

Temp,  of 

Date  of 

Difference  in 

Temp,  of 

Comparitoo. 

mv. 

Comparieon. 

Comparison. 

mv. 

Comparison. 

Nov   16,1897. 

0.10 

150 

Apr.  12,1898. 

0.08 

15* 

Feb.    4,1898. 

0.06 

(( 

"       20,    " 

0.10 

<< 

u     22,    *' 

0.02 

16« 

May     4.    - 

0.12 

(< 

Mar.    1,    " 

0.03 

(( 

5,    '* 

0.10 

<< 

"       3,    •• 

0.02 

14» 

9,    " 

0.13 

(( 

"       5,    " 

0.06 

15« 

"       14,    " 

0.11 

(1 

"       9,    " 

0.05 

<< 

'*       23,    " 

0.10 

20O 

"     10,    " 

0.07 

*( 

"       28,    " 

0.15 

15* 

-     11,    - 

0.04 

<< 

June   10,    " 

0.10 

210 

«      14,    " 

0.07 

<( 

**       13,    " 

0.19 

18» 

"      16,    " 

0.06 

<( 

0       17,    " 

0.12 

i( 

"     23,    "J 

0.07 

it 

July  23,    " 

0.10 

20« 

"     25,    " 

0.07 

<( 

Sept.  10,    " 

0.16 

190 

"     31,    " 

0.09 

{< 

Oct.    14,    " 

0.17 

14« 

Apr.    2,    *' 

0.06 

«< 

Dec.  14,    «* 

0.03 

15« 

will  serve  to  show  the  way  in  which  these  cells  may  be  relied  upon 
to  maintain  their  relative  differences. 

The  variation  in  the  difference  between  the  two  cells  is  so  regu- 
lar and  consistent,  never  exceeding  in  the  extreme  case  much  more 
than  I  in  10,000,  that  over  extended  periods  the  difference  can  be 
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relied  upon  to  one  or  two  parts  in  100,000.  By  taking  sufficient 
care  in  the  temperature  and  electrical  measurements,  this  is  about 
the  order  of  agjreement  of  this  type  of  cell. 

In  regard  to  the  temperature  change  and  sensitiveness,  some  tests 
made  on  cell  S^  are  given  in  Table  III. 

Table  III. 


Time  after  changing 
temp,  of  cell. 

Total  change  of 
temperature. 

Difference  in  mv. 
observed. 

Diif.  in  mv.  calcu- 
lated by  formula  A. 

5  minutes 

15  to  0»C. 

+15.90 

+16.60 

10       '« 

•< 

+16.44 

(( 

60      " 

<( 

+16.62 

<( 

10      " 

15  to  30»C. 

-19.37 

-19.40 

30      " 

(( 

-19.50 

(( 

On  returning  to  30^  from  50°  C,  the  same  cell  showed  a  differ- 
ence from  its  value  at  15°  of  —19.62  mv.  It  is  probable  that  had 
the  cell  been  left  at  30°  in  the  first  test  longer  than  half  an  hour 
it  would  have  shown  a  slightly  larger  difference.  The  total  change 
between  island  30°  by  formula  (-5)  is  — 19.60  mv.,  which  is  much 
closer  to  the  observed  value. 

Table  IV.  contains  tests  made  on  cells  S^,  Sj  and  S^,  between 
lS^36and  23°.83  C. 

Table  IV. 


Cell. 

Total  change  in  mv.  observed.  |                Formula  A. 

S4 

s. 

-10.62                                       -10.62 

-10.69 

-10.62 

Cell  S^  changed  slightly  more  than  the  others,  but  the  mean  of 
the  three  cells  will  be  a  little  in  excess  of  formula  (yl),  as  is  generally 
the  case  at  the  higher  points. 

The  effect  of  a  short  circuit  on  one  of  these  cells  was  shown  by 
connecting  the  terminals  of  cell  S^  with  a  short,  thick  wire  and  ob- 
taining comparisons  of  its  E.M.F.  during  recovery  after  the  wire 
was  removed.  In  two  and  a-half  minutes  after  short-circuiting  for 
seven  minutes,  the  E.M.F.  was  within  three-tenths  of  a  millivolt  of 
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its  original  value.     In  ten  minutes  it  was  within  two-tenths,  and  it 
.  had  completely  recovered  in  thirty. 

For  an  account  of  the  thermostats,  potentiometer  and  tempera- 
ture measuring  instruments  used  in  these  tests,  reference  should  be 
made  to  the  author's  earlier  papers  ( in  loc.  cit),  where  also  the 
method  of  carrying  out  the  experiments  is  described. 

Macdonald  Physical  Laboratory,  McGill  University,  Feb.  14,  1900. 
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CONCERNING  THERMAL  CONDUCTIVITY  IN  IRON. 
By  Edwin  H.  Hall. 

HAVING  had  occasion  of  late  to  examine  with  some  care  the 
information  given  by  Landoldt  and  Bornstein  and  by  Win- 
kelmann  concerning  the  thermal  conductivity,  k^  of  wrought  iron 
and  the  temperature  coefficient,  a,  of  k^  I  have  discovered  so  many 
inaccuracies,  especially  in  Winkelmann,  and  have  been  so  much 
impressed  by  the  inconclusiveness  of  the  showing,  that  I  have  felt 
moved  to  write  a  somewhat  critical  resume  of  the  methods  and  re- 
sults in  this  limited  but  much  worked  field  of  investigation.  I  am 
the  more  induced  to  undertake  this  labor  by  the  fact  that  even  the 
most  recent  books  published  in  English  follow  the  custom  of  quot- 
ing the  results  obtained  by  Forbes  as  if  they  were  the  only  ones 
worthy  of  especial  mention,  in  spite  of  the  fact  that  these  results, 
for  the  best  known  of  his  bars,  were  long  since  disproved  and  super- 
seded by  work  done  on  the  same  bar  in  the  same  laboratory. 

It  is  true  that  Holbom  and  Wien  published  ^  some  years  ago  the 
results  of  a  discussion  somewhat  similar  to  that  which  I  propose, 
but  they  did  not  publish  their  discussion ;  and,  moreover,  I  find 
that  in  a  number  of  particulars,  especially  in  regard  to  the  value  of  a, 
my  conclusions  are  different  from  theirs.  Where  so  much  experi- 
mental work  has  been  done,  there  is  room  for  more  than  one  at- 
tempt to  estimate  the  value  and  results  of  that  work.  It  is  my 
hope  to  reach  conclusions  which  may  help  to  direct  and  make 
profitable  future  investigations.  The  recent  interesting  paper  *  of 
Liebenow,  Zur  Tkermodynamik  der  Themw-ketten^  may  seem  to  bring 
near  the  possibility  of  determining  the  thermal  conductivity  of 
metals  from  a  study  of  their  electrical  conductivity  and  thermo- 
electric properties.  But,  whatever  may  be  the  final  outcome,  one  of 
the  first  effects  of^Liebenow's  paper  must  be  to  stimulate  renewed 

iZeitschr.  Ver.  Deutsch.  Ingen.,  Vol.  40,  1896. 
«Wied.  Annalen,  June,  1899. 
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interest  in  the  results  obtained  from  the  methods  heretofore  used  for 
the  measurement  of  thermal  conductivity. 
Landoldt  and  Bomstein  give^^ 


Temp. 

k. 

Observer. 

Eiscn, 

.1638 

Neumann. 

« 

fiber  0« 

.1587 

Berget. 

(< 

Qo 

.1988 

Angstrom. 

•< 

Qo 

.1665 

Lorenz. 

Schmiedeeisen, 

Qo 

.2070 

Forbes. 

i< 

l^ 

.1485 

H.  Weber. 

and  the  following  temperature  coefficients^  that  is,  values  of  the  con- 
stant a  in  the  formula  k^  kj^i  +  a/): 

Eisen  —  0.0002282  Lorenz. 

•*    gew6hnl,0bis300«'         —  0.000611  Mitchell. 
'«    gektthlt,  0bis300«         +  0.000706 

Winkelmann  *  gives  in  his  table,  without  the  dates, 

Metml.  Temp.  k.  Observer.  Date. 

Eiscn,  0*»  0.1665  Lorenz,  1881 

0*»  0.1988  Angstrom,  1861-4 

"  iiberO®  0.1587  Berget,  1890 

ca.  15*'  0.1648  Neumann,  1862 

"  ca.  15 <*  0.1133  Wiedemann  u.  Franz,        1853 

0«  0.1509  Mitchell,  1887 

0*»  0.172  Stewart,  1893 

Schmiedeeisen,  0®  0.2070  Forbes,  1862-5 

39<>  0.1485  H.F.Weber,  1880 

The  temperature  coefficients  given  by  Winkelmann  are 

—  0.000038    from  the  work  of  Lorenz, 

—  0.000517      •*      "      **    "Angstrom, 

—  0.0006838    •*      "      *«    "Forbes. 

I  shall  follow  in  general  a  chronological  order  in  my  discussion, 
departing  from  it  whenever  there  seems  to  be  good  reason  for  so  do- 
ing. 

1  Fhysikalische  Chemische  Tabellen. 

'  Handbuch  der  Physik.,  part  2  of  vol.  2. 
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Wiedemann  and  Franz. 

"  Es  wurden  zwei  Stangen  I.  und  II.  von  5  mm.  Dicke  unter- 
sucht."  This  is,  I  believe,  the  whole  explicit  description  of  the 
iron,  although  it  can  be  inferred  from  the  description  of  the  appa- 
ratus that  the  length  of  the  bars  was  about  50  cm. 

They  worked  with  a  considerable  number  of  metals,  but  obtained 
comparative  results  only.  It  therefore  seems  idle  to  attempt  now  to 
derive  absolute  values  of  k  from  their  data. 

They  appear  to  have  been  the  first  to  make  a  systematic  com- 
parison of  thermal  and  electric  conductivities,  although  Forbes  had 
many  years  before  pointed  out  the  apparent  connection  between 
these  two  properties  in  metals.  Wiedemann  and  Franz  did  not  mea- 
sure, even  comparatively,  the  electric  conductivity  of  the  bars ;  but 
trusted  to  the  values  found  by  others  for  similar  materials.  The 
table  given  by  Winkelmann,  Vol.  2^  p.  277,  to  show  their  results 
differs  in  several  particulars  from  that  given  by  Wiedemann  and 
Franz,  and  it  is  so  badly  aligned  that  in  some  cases  it  is  impossible 
to  tell  to  which  metal  the  numbers  given  apply. 

It  is  to  be  observed  that  Landoldt  and  Bomstcin  give  no  abso- 
lute values  on  the  authority  of  these  early  experimenters. 

Forbes,  Angstrom  and  Neumann,  working  each  by  his  own  pe- 
culiar method,  obtained  results  which  they  published  about  the  samfe 
time.  The  method  of  Forbes  was  simpler,  in  theory,  than  the  others, 
and  will  be  discussed  first. 

Forbes  (and  Mitchell). 

No  other  experiments  upon  thermal  conductivity  are  so  familiar 
to  English-speaking  people  as  those  of  Forbes,  and  the  method 
which  he  originated  and  used  is  so  well  known  that  description  of 
its  general  features  is  unnecessary  here ;  and  yet  it  is  time  for  us 
to  recognize  the  fact  that  the  numerical  results  obtained  by  Forbes 
have  only  an  historical  interest,  and  that,  if  their  publication  in 
physical  tables  of  the  present  day  is  to  perpetuate  a  belief  in  their 
numerical  accuracy,  it  would  be  far  better  to  exclude  them  altogether 
from  such  tables.  This  statement  I  shall  undertake  to  verify  by 
what  follows. 
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Forbes  used  two  wrought- iron  bars  of  somewhat  different  sizes. 
The  better  known  of  the  two,  called  D,  he  describes  a  "  a  beautiful 
bar,  I  ]^  inch  square  and  fully  eight  feet  long.*'  He  gives  its  specific 
gravity  as  7.79.  The  other  bar  was  i  inch  square.  Reduced  to  the 
C.  G.  S.  system,  the  values  which  he  found  for  k  from  the  two  bars 
were 

\\i  inch  bar.  z  inch  bar. 

0.207  0.1536  at      0»  C. 

0.1567  0.1293  «'  100®  " 

The  great  difference  between  the  values  of  k  given  by  the  two  bars 
at  the  same  temperature  has  been  explained  as  probably  due  to  a 
difference  in  the  quality  of  the  iron ;  but  in  view  of  the  subsequent 
history  of  bar  D,  and  the  general  average  of  values  obtained  for  iron 
by  other  experimenters,  this  explanation  seems  inadmissible. 

Each  bar  gave  a  large  negative  temperature  coefficient  for  L  Tait, 
after  Forbes,  worked  with  bar  D  and  applied  corrections,  which 
Forbes  had  not  done,  for  change  of  specific  heat  with  change  of 
temperature.  The  result  was  to  make  the  temperature  coefficient 
almost  or  quite  disappear.  Then  Mitchell  worked  with  the  same 
bar.  In  accordance  with  the  advice  of  Tait  he  used  sometimes  the 
ordinary  method  of  Forbes,  heating  one  end  of  the  bar  while  all  the 
rest  of  its  length  was  freely  exposed  to  the  air  of  the  room,  and  some- 
times combined  the  heating  of  one  end  with  a  cooling  of  the  middle 
^n  order  to  get  a  steeper  gradient  of  temperature  in  the  cooler  parts 
of  the  bar.  This  variation  of  method  produced  a  marked  change  in 
the  values  found  for  k. 

Forbes  had  expressed  his  results  in  terms  of  the  foot,  minute, 
and  thermal  capacity  of  a  cubic  foot  of  water.  Mitchell  departed 
from  this  tradition  far  enough  to  express  his  results  in  terms  of  the 
foot,  minute,  and  thermal  capacity  of  a  cubic  foot  of  the  iron  at  some 
one  temperature.  It  was  therefore  not  necessary  for  him  to  deter- 
mine the  specific  heat  of  the  iron  ;  but  he  did  undertake  to  introduce 
into  the  values  obtained  for  k  at  different  temperatures  correction  for 
change  of  specific  heat  with  temperature.  It  seems  probable  that  he 
used  a  somewhat  too  large  temperature  coefficient  in  making  this 
correction. 

Certain  thermometer  corrections  were  applied  by  Mitchell,  the 
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effect  of  which  corrections  was  to  lessen  considerably  the  values  of 
thermal  conductivity  found  for  high  temperatures  as  compared  with 
those  found  for  low  temperatures. 

The  numbers  which  follow  and  the  words  accompanying  them  I 
have  copied  from  Mitchell's  paper : 

Temperature  C.  0°  100°  900°  300® 

Not  corrected 
for  specific      \  .0127  .0115  .0103  .0091 


Iron  )  heat  change. 

(Ordinary).     )  Corrected  for 


} 
} 


Iron  }  heat  change 

(Cooled  Bar.)  )  Corrected  for 


specific  heat    \  .0131  .0123  .0115  .0107 

change. 


Not  corrected 
for  specific      \  .01154  .01162  .01170        .01178 


rected  ) 
cific  \ 
mge.    j 

} 


specific  heat    \  .0119  .01274  .01358        .01442 

change. 


*'  Iron  (Ordinary)**  refers  to  the  "ordinary  **  Forbes's  method,  heat 
applied  to  one  end  of  the  bar  the  rest  of  which  is  exposed  to  the 
air.  This  is  the  **  Eisen  gewohnl  '*  of  Landoldt  and  B6rnstein*s 
table.  "  Iron  (Cooled  Bar)"  refers  to  the  varied  method,  in  which 
the  middle  of  the  same  bar  was  cooled  by  a  stream  of  water  while 
the  end  was  heated.  This  is  the  **  Eisen  gekiihlt  **  of  the  same 
table.  The  great  difference  between  the  results  of  these  two  very 
similar  methods  throws  much  doubt  upon  the  accuracy  of  the  re- 
sults obtained  from  either  or  both,  so  far,  at  least,  as  relates  to  the 
temperature  coefficient,  which  has  a  large  positive  value  in  one  case 
and  a  still  larger  negative  value  in  the  other  case. 

The  values  given  by  Mitchell  are  to  be  turned  into  C.  G.  S.  units 
by  multiplying  them  by  15.48  Cp,  where  C  is  the  specific  heat  at 
some  one  temperature,  probably  the  temperature  of  the  air,  and  p 
is  the  density.  Winkelmann  gets  the  value  0.1509  at  0°,  which 
he  puts  opposite  the  name  of  Mitchell,  by  multiplying  0.0119 
("  Cooled  Bar,"  0°)  by  C=  0.105  and  /o  =  7.8.  This  reduction  is 
probably  not  very  far  wrong,  though  a  somewhat  higher  value  for 
C  might  well  have  been  used,  but  in  reducing  the  values  given  by 
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Mitchell  for  k  at  higher  temperatures,  as  Winkelmann  does  on 
page  280,  he  multiplies  each  by  the  specific  heat  of  iron  for  the 
higher  temperature  in  question,  100®,  200°,  etc.  The  values  which 
he  thus  gets  for  these  higher  temperatures  are  therefore  doubly 
"  corrected  "  for  change  of  specific  heat,  once  by  Mitchell  and 
again  by  Winkelmann.  Fortunately,  Winkelmann  does  not  put 
these  values  into  his  final  table. 

Landoldt  and  Bomstein  give  no  value  of  k  from  Mitchell ;  but, 
as  we  have  seen,  they  give  two  values  of  a,  its  temperature-coeffv 
cient  from  his  work,  not  perceiving,  we  may  suppose,  that  **  Eisen 
gewohnl,"  "  Eisen  gekiihlt,"  and  "  Schmiedeeisen  "  (Forbes)  are  one 
and  the  same  bar  D,  one  of  the  national  monuments  of  Scotland 
The  temperature-coefficients  which  they  give  are  obtained  correctly 
from  the  values  of  thermal  conductivity  "  corrected  for  specific  heat 
change,"  quoted  above  from  Mitchell.  Taken  together  these  two 
coefficients  almost  completely  extinguish  each  other ;  and  I  can  not 
help  thinking  that  they  should  be  allowed  to  do  so  entirely,  and 
disappear  from  tables  of  physical  constants. 

Whatever  may  be  thought  of  the  accuracy  of  the  value  k  at  o®; 
as  finally  obtained  by  Mitchell  using  his  **  cooled  bar  "  method,  it 
seems  plain  that  the  values  0.207  at  0°  (Forbes)  and  0.1509  at  o® 
(Mitchell)  ought  not  to  appear  in  the  same  table  without  an  express 
statement  that  they  were  found  from  the  same  bar.  Indeed  the 
history  of  bar  D  goes  far  to  show  that  the  Forbes  method  is  not 
well  suited  for  the  nicer  problems  of  thermal  conductivity,  the  un- 
certainty in  estimating  surface  emissivity  being  too  g^eat. 

We  have  not  sufficiently  definite  data  for  a  profitable  estimation 
of  the  ratio  between  the  thermal  and  electric  conductivity  in  bar  D, 

Stewart. 

R.  W.  Stewart  also  followed  the  method  of  Forbes,  with  some 
variations  of  detail,  using  a  bar  which  he  describes  thus:  **The 
iron  bar  was  a  ^-inch  square  bar,  about  4^  feet  long,  of  ordinary 
commerdal  wrought  iron,  having  its  surface  filed  up  and  very 
lightly  polished  with  black  lead  to  secure  uniformity  of  radiating 
power."     "The  density  of  the  iron  was  found  to  be  7.556  at  o® 
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C."     The  specific  heat  was  found  by  Bunsen's  ice-calorimeter  to  be 
represented  by  the  formula 

C;  =  0.1095(1 +  .00073/), 

/  referring  to  the  centigrade  scale. 

The  thermometers  of  Forbes  were  replaced  by  a  single  thermo- 
electric couple,  made  of  **  a  good  soft  iron  wire  and  German  silver," 
each  wire  about  0.5  mm.  in  diameter.  The  depth  of  the  holes 
bored  in  the  bar  to  receive  the  thermo-electric  junction  was  about 
1.4  cm.,  the  diameter  about  o.  i  cm. 

"  One  end  of  the  experimental  bar  was  immersed  in  a  vessel  of 
melted  lead  maintained  at  a  constant  temperature,  and  the  rest  of  its 
length  was  exposed  to  the  air,  but  protected  from  draughts  and  ex- 
ternal radiation  by  a  wide  trough  of  sheet  zinc.**  The  dimensions 
of  this  trough  are  not  given,  but  from  the  figure  shown  it  appears  to 
have  been  about  27  cm.  deep,  the  bar  being  suspended  so  as  to  hang 
about  half  way  between  the  bottom  and  the  top,  which  was  not 
covered. 

"  In  taking  a  series  of  observations  of  the  distribution  of  tempera- 
ture along  the  bar,  the  heating  was  allowed  to  go  on  for  five  or  six 
hours,  and  then  the  deflections  corresponding  to  each  hole  along  the 
bar  were  observed,  up  and  down  the  bar,  time  after  time,  until  a  set 
of  perfectly  constant  and  concordant  readings  were  obtained." 

**  The  distribution  of  temperature  along  the  bars  [copper  as  well 
as  iron  was  studied]  in  the  stationary  state  was  determined  by  in- 
serting one  junction  successively  into  the  small  holes  drilled  in  the 
bar,  while* the  other  junction  was  maintained  at  a  constant  tempera- 
ture ^  by  inserting  it  in  a  hole  in  a  short  iron  bar  resting  on  the  bot- 
tom of  the  zinc  trough.  The  deflections  obtained  were,  in  this  way, 
proportional  to  the  difference  of  temperature  between  the  several 
points  on  the  bar  and  the  temperature  of  the  surrounding  air.  It 
was  found  necessary  to  carefully  insulate  the  ends  of  the  wires  of 
the  couple  from  one  another  just  above  the  junctions,  and  from  the 
bars  in  which  they  were  inserted ;  this  was  done  by  filing  down  the 

>  <*  This  temperature  was  indicated  by  a  thermometer  placed  with  its  bulb  in  a  hole 
drilled  in  the  [short]  bar  close  to  the  small  hole  in  which  the  junction  was  placed.  In 
no  case  was  the  variation  of  temperature  more  than  a  fifth  of  a  degree.  The  bar  was  a 
short  massive  iron  bar,  not  the  one  used  for  cooling  experiments.'' 
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wires,  inserting  a  thin  slip  of  silk  between  them,  and  then  whipping 
them  around  with  a  fine  silk  thread.  The  outer  surface  of  the 
thread  charred  slightly  at  the  higher  temperatures,  but  not  suffi- 
ciently to  destroy  its  efficiency.**  **  The  rates  of  cooling  of  the 
bars  at  different  temperatures  were  determined  by  heating  a  piece  of 
each  bar,  about  a  foot  long,  in  a  sand-bath  to  a  temperature  higher 
than  required,  and  observing  its  rate  of  cooling  under  the  same  con- 
ditions as  those  to  which  the  experimental  bar  was  exposed  For 
this  purpose  it  was  suspended  in  the  position  originally  occupied  by 
the  long  bar,  the  thermo-electric  junction  inserted  in  a  hole  drilled 
at  its  middle  point,  and  the  deflection  of  the  galvanometer  observed 
at  regular  intervals  during  the  cooling.** 

Winkelmann  quotes  from  the  abstract  of  Stewart's  work  given  in 
the  Proceedings  of  the  Royal  Society.  But  in  the  Transactions^  a 
mistake  having  been  discovered,  Stewart  gives 

k^^  0.17s  (i  —  .0015/). 

I  am  of  the  opinion  that  little  importance  should  be  attached  to 
the  value  of  k  obtained  by  Stewart  and  still  less  to  his  value  of  the 
temperature  coefficient.  A  thermo-electric  junction  such  as  he  de- 
scribes, placed  in  a  hole  in  the  hot  bar,  but  not  in  metallic  contact 
with  it,  the  greater  part  of  the  length  of  the  wires  being  exposed  to 
the  air  and  the  other  junction  being  at  a  temperature  near  that  of 
the  air,  would  surely  not  have  the  temperature  of  the  iron  adjoin- 
ing it.  Moreover,  we  are  told  nothing  about  the  location  of  the 
short  bar  carrying  the  colder  junction  except  this,  that  it  rested 
upon  the  bottom  of  the  zinc  trough — whether  near  the  hot  end  or 
the  cold  end  or  the  middle  of  the  long  bar,  we  do  not  know  ;  but 
this  one  short  bar  was  assumed  to  have  the  effective  average  tem- 
perature of  the  surroundings  of  the  long  bar  and  to  hold  the  cooler 
junction  at  this  same  temperature. 

Finally,  the  method  of  noting  fall  of  temperature  in  the  cooling 
bar,  one  foot  long,  by  means  of  a  single  thermo-electric  junction  in- 
serted at  its  middle  point,  is  apparently  inaccurate.  The  ends  of 
the  bar  would  certainly  cool  faster  than  the  middle. 

Near  the  end  of  his  paper  Stewart  remarks,  "Angstrom's  method 
should  be  adopted  in  preference  to  Forbes'."     Having  now  done 
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with  researches  by  the  method  of  Forbes,  I  return  to  the  considera- 
tion of  work  done  by  his  contemporaries. 

Angstrom. 

Angstrom  used  two  bars  of  iron ;  the  second,  from  which  he  ob- 
tained his  best  known  results,  was  117.8  cm.  long  and  3.5  cm. 
thick.  I  have  found  no  description  of  its  quality.  Angstrom 
takes  0.8862  as  the  product  of  its  specific  heat  by  its  density ;  but 
he  uses  precisely  the  same  quantity  for  his  other  iron  bar.  It  does 
not  appear  that  he  determined  either  the  specific  heat  or  the  density. 

Angstrom's  general  method  of  sending  waves  of  temperature 
along  the  bar  by  alternate  heating  and  cooling  of  one  end,  the  re- 
mainder of  the  bar  being  exposed  to  the  air,  and  noting  the  fluc- 
tuations of  temperature  at  certain  chosen  points,  is  familiar  to  phys- 
icists and  perhaps  even  more  familiar  to  mathematicians.  The 
mathematical  discussion  of  the  method,  as  given  by  Angstrom, 
treats  specific  heat  and  thermal  conductivity  as  constants,  it  being 
assumed  that  the  variation  of  these  quantities,  within  the  range  of 
temperature  fluctuations  in  the  part  of  the  bar  studied,  is  too  small 
to  affect  seriously  the  result  arrived  at.  As  to  the  validity  of  this 
assumption  there  has  been  discussion,  which  I  do  not  propose  to 
renew  at  present. 

Whatever  may  be  the  merits  of  Angstrom's  method,  it  is  easy  to 
show  that  he  made  near  the  end  of  his  second  paper^  a  large  numer- 
ical error,  the  easy  correction  of  which  will  bring  his  value  of  k  for 
iron  much  nearer  to  the  values  obtained  by  most  other  investigators 
who  have  attempted  to  determine  it. 

The  paper  just  referred  to  in  Poggendorff*  contains  the  following 
record  of  data  and  experimental  results  : 

ElSENSTAB. 


No. 

Period. 

Temp. 

1 

32' 

10.487 

43».4 

Einfache  Reihe :  Thenn.  No.  2  u  3 

2 

32 

10.429 

43  .7 

Dc^pelte  Reihe :  Therm.  A  und  B 

3 

32 

10.279 

18  .9 

>  PoggendoHf,  Vol.  1 1 8,  p.  423,  has  a  translation  of  the  original  paper. 
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This  is  followed,  after  a  page  or  more  devoted  to  the  discussion 
of  a  similar  record  for  copper,  by  a  passage,  quoted  below,  in  which 
Angstrom  professes  to  deduce  a  formula  for  k,  as  dependent  on 
temperature,  from  the  data  which  I  have  just  given.  A  brief  ex- 
amination is  enough  to  show  that  his  formula,  which  has  a  negative 
temperature  coefficient  for  k^  cannot  be  derived  from  the  numbers 
he  refers  to,  which  evidently  give  a  positive  temperature  coefficient 
for  k.  Suspecting  a  mistake  in  the  data  as  given  in  Poggendorff,  I 
went  to  the  original  paper  ^  and  found  the  following  table,  which 
differs  from  that  given  above  in  one  place  of  one  number.  We 
must  therefore  discard  the  data'  as  given  in  Poggendorff,  and  con- 
sider whether  the  value  given  for  k  by  Angstrom  is  consistent  with 
the  original  data  as  here  reproduced : 

JernstAngen. 

No.       Period.  -  Temp.  Anmiirkningar. 

1  32m  10.487  43°.4  Enkel  serie ;  therm,  no.  II.  o.  III. 

2  32  10.429  43  .7  Dubbel  serie  ;  therm.  A  o.  B. 

3  32  11.279  18  .9 

The  following  discussion,  by  means  of  which  Angstrom  deduces 
his  value  of  k^  I  quote  from  the  article  in  Poggendorff,  having  com- 
pared the  formulas  in  this  discussion  with  those  in  the  original  pas- 
sage and  found  them  to  be  the  same. 

k 
**  Berechnet  man  den  Werth  von  -^aus  den  in  der  Tafel  aufges- 

co 

tellten  zwei  letzen  Bestimmungen  fiir  das  Eisen^  welche  vollkommen 

vergleichbar  mit  einander  sind,  so  erhalt  man 

k 

^=  13.458(1-0.002874/) 

und,  wenn  man  setzt 

c8  =  0.8862 
wird 

k^  11.927(1  —0.002874/).*' 


Now  if  we  take  the  last  two  lines  of  the  original  data  and  calcu- 

k 
ite  for  them  the  value  of  —  for  0°,  we  get   11.927.      But  this  is 

*  Ofversigt  af  Kongl.  Vetenskaps-Akademicns  FSrhandlingar,  1862,  p.  24,  Stockholm. 
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precisely  the  value  which  Angstrom  gets  for  ^t  at  0°.     According 
to  the  data  referred  to  by  Angstrom,  he  should  get 

k^^  11.927  X  0.8862=  10.57; 
and  in  general 

k  =  10.57  (i  —  .002874/), 

for  this  revision  requires  no  change  in  the   temperature-coefficient 
which  will  be  found  perfectly  consistent  with  the  data. 

The  fact  appears  to  be  that  Angstrom,  having  before  him  the 
quantity  0.8862  which  he  was  presently  to  use  as  a  multiplier,  acci- 
dentally let  it  get  in  as  a  divisor,  so  that  its  final  use  as  a  multiplier 

k 
merely  gave  back  the  value  of  -^,  instead  of  giving  the  value  of  k. 

In  at  least  one  other  particular  the  calculations  of  Angstrom  can 
profitably  be  revised.  He  treats  the  product  ^d  as  a  constant,  using 
the  same  value  for  one  bar  at  0°  as  for  another  at  50°.     But  I  shall 

k 
now  take  the  values  of  -^  which  he  gives  as  the  results  of  experi- 
ments at  43*^.7  and  at  18°. 9,  apply  to  these  the  values  of  ch  which 
appear  suitable  to  the  temperatures,  and  work  out  thus  values  for 
k  at  43^.7  and  at  1 8*^.9,  and  finally  at  0°. 

There  can  be  no  great  error  in  taking  7.8  as  the  value  of  5  at  all 
the  temperatures  considered,  if  Angstrom  used  good  wrought  iron, 
as  in  all  probability  he  did.  For  the  values  of  ^  I  shall  use  num- 
bers which  are  obtained  by  a  combination  of  those  given  by  Lorenz 
with  those  found  by  Naccari. 

Lorenz.  NaccAri. 

Temp.  0»  50®  75*»  100«  0*»  15«  100*» 

Sp.  ht.        0.1050      0.1107      0.1136      [0.1165]  [0.1080]      0.1091      0.1151 

The  numbers  in  brackets  are  my  extrapolations.     Then 


{S;Z}°-^'         '-{alls?}"-''- 
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By  interpolation 

18^9  43^7 

r=    0.1083  r=    0.1 106. 

Using  these  values  of  r,  we  get 

k  at  43^.7  =  10.429  X  7.8  X  o.  1 106  =  8.999, 
'*  "  i8°.9=  11.279  X  7.8  X  0.1083  =  9.528, 

and  by  extrapolation  ^  at  0°  =  9.93.  The  general  formula  now 
becomes 

>^  =  9-93(i  —.0021/), 

in  the  units  employed  by  Angstrom — ^the  centimeter,  gram  and  min- 
ute.    Reducing  to  the  ordinary  system  by  dividing  by  60,  we  have 

k  =  0.1655(1  —  .0021/). 

Holbom  and  Wien,  in  the  paper  to  which  reference  has  been 
made,  give  as  the  result  of  Angstrom's  work 

^  =  o.  1628  (i  —  0.002874  /), 

but  do  not  tell  in  what  way  they  have  revised  his  calculations. 

The  value  0.1988,  k  at  0°,  which  both  Winkelmann  and  Lan- 
doldt  and  Bornstein  give  in  their  tables  on  the  authority  of  Ang- 
strom, is  obtained  from  his  11.927  by  dividing  by  60.  The  tem- 
perature coefficient  of  k  from  Angstrom's  work  is  given  by  Winkel- 
mann as — 0.0005 17-  I  do  not  understand  how  this  value  was  found. 
A  little  earlier,  on  p.  282,  Winkelmann  gives  Angstrom's  result,  re- 
vised for  the  change  of  cS  with  temperature  and  reduced  to  C.  G.  S. 
units,  as 

k  =  0.1842  (i  —  0.001562/), 

but  here  again  there  is  nothing  to  show  just  how  the  numbers  are 
derived.  One  value  of  the  temperature  coefficient  is  a  little  more 
than  three  times  as  great  as  the  other. 

Angstrom  recognized  the  fact  that  for  a  satisfactory  comparison 
of  thermal  and  electric  conductivities  both  quantities  should  be 
found  for  the  same  piece  of  metal  in  the  same  state.  Accordingly, 
he  attempted  to  measure  the  electrical  resistance,  x,  of  his  bars,  but 
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encountered  difficulties  which  baffled  him,  although  he  expressed 
the  hope  of  overcoming  them.  Whether  he  finally  succeeded  I  have 
not  discovered.  His  results  therefore  tell  us  nothing  directly  in 
regard  to  the  ratio  k  -^-x. 

Angstrom's  method  has  not  proved  attractive  to  investigators  in 
general.  Tait  tried  it  and  gave  it  up.  I  am  not  aware  that  any- 
one except  Angstrom  has  published  results  obtained  by  it  for  iron. 
Probably  the  very  large  value  of  k  standing  in  the  tables  against 
the  name  of  Angstrom  has  heretofore  discredited  his  method.  This 
consideration  is  now  in  great  measure  removed  by  the  examination 
which  has  just  been  detailed.  This  objection,  however,  holds 
against  all  methods  using  temperature  waves,  that  it  is  difficult  for 
the  ordinary  reader,  if  not  for  every  one,  to  see  what  effect  will  be 
produced  in  the  result  by  small  inaccuracies  of  theory  or  data. 
Such  methods  may  give  sufficiently  accurate  results,, but  they  do 
not  carry  conviction. 

Neumann.* 

Neumann  studied  several  metals.  His  whole  published  account 
of  his  work  on  these  is  contained  in  three  pages  ;  and  the  description 
is  vague  as  well  as  brief.  He  used  a  method  of  variable  tempera- 
ture, heating  one  end  of  a  bar  or  one  section  of  a  ring  for  a  certain 
time  and  noting  the  changes  of  temperature  after  heating  was 
stopped.  Some  features  of  his  method  can  be  seen  in  the  work 
of  H.  Weber,  which  is  presently  to  be  described  ;  for  Weber  avow- 
edly followed  Neumann  as  a  guide,  though  perhaps  with  considerable 
deviations. 

Neumann  writes,  *'  Les  barres  employees  avaient  3  a  4  lignes  de 
cote."  The  length  is  not  given.  **  Dans  quelques  experiences  j'ai 
aussi  remplace  les  barres  par  des  anneaux."  It  seems  not  quite 
clear  whether  the  results  published  were  obtained  from  the  bars  or 
from  the  rings  ;  but  it  is  likely  they  came  from  the  bars. 

The  specific  gravity  of  the  iron  used  was  7.74.  Neumann  gives 
193  as  the  thermal  conductivity  of  iron  in  the  units  employed,  and 
says  that  this  value  can  be  reduced  to  the  units  used  by  Ang- 
strom by  multiplying  by  0.0509.     To  reduce  to  C.  G.  S.  units  the 

>  Ann.  de  Chemie  et  Physique,  Vol.  66,  1 86a. 
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193  should  be  multiplied  by  0.0509  h-  60,  which  gives  k  =  0.1637, 
practically  the  same  value  which  Landoldt  and  Bomstein  put  op- 
posite the  name  of  Neumann.  I  find  nothing  in  Neumann  to  indi- 
cate the  temperature  for  which  his  value  of  k  is  supposed  to  hold. 
Neumann  was  especially  interested  in  the  ratio  between  thermal 
and  electric  conductivity,  and  he  deduced  comparative  values  of 
this  ratio  for  the  several  metals  which  he  used.  He  did  not,  how- 
ever, determine  the  electric  conductivity  in  absolute  measure,  or 
give  any  data  from  which  we  can  now  reduce  it  to  that  measure  ; 
so  that  the  real  ratio  between  the  thermal  and  electric  conductivi- 
ties of  the  iron  which  he  used  cannot  be  found. 

H.  Weber. 

H.  Weber  "  of  Brunswick,"  not  H.  F.  Weber  as  in  Winkelmann, 
used  the  method  of  Neumann.  The  particular  volume.  No.  146, 
of  Poggendorff,  in  which  the  original  account  of  his  work  ap- 
pears, is  missing  from  the  set  which  is  at  my  command,  and  I  have 
therefore  had  recourse  to  the  translation  of  his  paper  which  appeared 
in  the  Philosophical  Magazine^  vol.  44,  1872. 

I.  "  Iron  rod  (annealed),"  round;  density  7.761;  specific  heat 
0.1 125  (temperature  not  given);  length  of  bar  23.035  cm.,  diam- 
eter  0.75168  cm.  "The  density  and  the  specific  heat  were  speci- 
ally determined,  the  latter  according  to  the  method  proposed  by 
Neumann." 

After  describing  briefly  the  method  of  Angstrom,  Weber  says, 
**  Neumann  has  now  shown  that  the  same  problem  can  be  treated 
in  another  way,  and  one  more  favorable  for  observation — and  that 
it  is  more  suitable  for  the  determination  of  the  two  conducting-pow- 
ers  ["internal"  and  "external"]  to  subject  not  merely  one  end  of 
a  bar  regarded  as  unlimited,  but  both  ends  of  a  bar  of  infinite  length 
to  the  same  periodic  change  of  temperature  in  such  a  manner  that 
when  the  two  ends  in  the  oth  period  [really  the  first  period  of  ob- 
servations after  the  bar  has  been  brought  into  a  state  of  regular 
alternation]  have  the  temperatures  u^  and  u^  they  in  the  next  fol- 
lowing take  the  temperatures  f/j  and  u^ ,  in  the  2d  period  (on  the 
contrary)  they  are  in  the  same  state  as  in  the  oth,  and  in  the  3d  as 
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in  the  ist,  etc/'  The  temperature  u^  was  that  of  steam,  u^  about 
4^.6.     The  length  of  a  period  was  5  minutes. 

Assuming  for  the  purposes  of  mathematical  discussion,  that  the 
specific  heat,  the  density,  the  internal  and  external  conductivities, 
are  constant  quantities,  an  assumption  which  Weber. defends  only 
as  an  unfortunate  necessity,  he  proceeds  to  show  that  determinations 
of  k,  the  internal  conductivity,  and  A,  the  external  conductivity,  can 
be  found  from  observations  of  the  temperature  of  the  air,  the  tem- 
perature of  the  middle  point  of  the  bar  (which  temperature  should 
prove  to  be  a  constant ),  and  the  difference  of  temperature  between 
two  other  properly  chosen  fixed  points  on  the  bar  at  various  inter- 
vals during  each  period. 

Thermoelectric  effects,  by  means  of  wires  soldered  to  the  bar  at 
the  points  mentioned,  were  used  to  measure  the  temperatures  re- 
quired. "A  thin  iron  wire  and  a  thin  German-silver  wire  were 
soldered  in  the  middle  of  it  [the  iron  rod]  *  *  *  opposite  to  each 
other.  The  ends  of  these  two  wires  were  soldered  to  two  copper 
wires,"  the  points  of  junction  being  near  together  "in  the  surround- 
ing air"  at  a  point  the  temperature  of  which  was  read  from  a  sensi- 
tive thermometer.  At  two  other  points,  one  of  which  was  \  of  the 
length  of  the  bar  from  its  end  and  the  other  ^  of  the  length  from 
the  same  end,  "two  German-silver  wires  were  soldered  to  the 
iron  bar  *  *  *  and  their  ends,  at  about  6  inches  from  the  bar,  were 
soldered  to  the  two  copper  wires  which  led  to  the  same  galvanom- 
eter as  the  wires  before  mentioned."  Readings  of  the  deflections 
produced  by  this  latter  thermo-electric  couple  were  taken  at  inter- 
vals of  1 5  seconds,  and,  as  this  deflection  was  changing  rapidly  dur- 
ing much  of  the  time,  a  careful  study  of  the  characteristics  of  th2 
galvanometer  was  necessary.  The  mean  temperature  of  the  air  was 
about  5°. 7;  that  of  the  middle  point  of  the  bar,  33^.1.  The  esti- 
mated mean  temperature  of  the  whole  bar  during  a  "  period,"  of  5 
minutes,  was  39^.23,  which,  according  to  Weber,  "  can  only  be  re- 
garded as  a  rough  approximation." 

There  is  a  tone  of  intelligence,  frankness  and  thoroughness  about 
the  paper  of  Weber  which  inspires  confidence.  I  cannot  help  feeling, 
however,  that  the  description  and  discussion  of  the  thermo-electric 
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devices  is  too  meagre.  How  thick  and  how  long  were  the  "thin" 
wires  soldered  to  the  middle  of  the  bar  ?  How  much  solder  was 
used  in  making  the  junctions,  and  how  great  was  the  thickness  of 
solder  between  the  wires  and  the  bar  ?  These  seem  to  me  impor- 
tant questions  in  a  case  where,  as  here,  some  of  the  points  of  at- 
tachment were  rapidly  varying  in  temperature  and  all  were  much 
above  the  temperature  of  the  room.  It  is  unfortunate  that  Weber 
did  not  make  such  variations  in  his  thermo-electric  apparatus  as  to 
remove  reasonable  doubts  concerning  its  accuracy. 

On  the  other  hand  we  feel  somewhat  reassured  by  the  fact  that 
he  did  vary  considerably  the  surface  condition  of  the  bar,  without 
finding  any  corresponding  important  change  in  the  value  derived  for 
the  thermal  conductivity. 

After  giving  a  series  of  values  obtained  from  "even  periods/* 
which  agree  well  among  themselves,  and  a  corresponding  self- 
accordant  series  from  "odd  periods,"  he  says,  "If  we  take  the  mean 
of  the  values  of  K  [the  internal  conductivity]  and  H  [the  external 
conductivity]  given  by  the  even  periods,  and  likewise  of  those  de- 
rived from  the  odd  periods,  we  obtain : 

A"=  15.14,  H^  0.00266, 

K^  14.56,  H^  0.00266." 

The  difference  between  "  odd"  and  "  even  "  is  attributed  to  "  want 
of  absolute  coincidence  of  the  soldering-places  with  the  points 
X  =  \l  and  X  =  -J/."     For  the  mean  we  have 

A"=  14.85  H^  0.00266. 

"The  surface  of  the  iron  bar  had  not  the  highest  polish.  In  order 
to  try  whether  the  quality  of  the  surface  exerted  a  perceptible  in- 
fluence on  the  value  of  K,  the  previous  experiments  were  repeated 
with  the  same  iron  rod  after  its  surface  had  been  evenly  coated  with 
soot  from  a  gas  flame.  The  thickness  of  the  coating  was  such  that 
the  metallic  surface  was  just  perceptible  through  it.  Here  the  dur- 
ation of  the  periods  amounted  to  10  minutes,  in  order  to  make  the 
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observations  in  even  and  odd  periods  alternately,  not  consecutively 
as  before/*     The  mean  results  from  the  iron  thus  coated  were 

^=14.79  //'=  0.00328, 

an  extremely  satisfactory  agreement  for  K,  with  the  previous  result. 
It  is  unfortunate  that  the  temperature  at  which  the  specific  heat 
was  found  is  not  given.  The  value  used,  o.  1 1 25,  seems  rather  high 
for  the  mean  temperature  of  the  bar.  An  error  of  two  or  three  per 
cent,  may  occur  here,  making  the  value  obtained  for  K  too  large  by 
that  amount. 

Weber's  values  of  K  and  H  are  expressed  in  terms  of  millimeters, 
milligrammes  and  seconds.  To  reduce  to  C.  G.  S.  units  we  must 
divide  A' by  100  and  7/ by  10.  We  are  concerned  with  K  only, 
from  which  we  get 

^  =  0.1485, 

as  given  by  Landoldt  and  Bornstein  and  by  Winkelmann.     This 
is  referred  to  the  mean  temperature  of  the  rod,  about  39°. 

Weber  found  the  ratio  of  the  thermal  conductivity  to  the  electric 
conductivity,  which  henceforth  I  shall  call  the  ratio  k  -^x^  to  be 
2458  X  10^  at  44°. 3C,  in  the  units  which  he  used.  Reduced  to  the 
C.  G.  S.  system  this  ratio  becomes  2458. 

L.    LORENZ.^ 

The  iron  used  by  Lorenz  appears  to  have  been  exceptionally 
pure.  It  had  a  high  density,  7.828  at  0°,  and  an  electric  conduc- 
tivity greater  than  Landoldt  and  Bornstein  quote  for  any  other 
specimen  of  iron. 

Lorenz  gives  from  his  own  observations  on  this  iron 

8p.  Ht.  Elect.  Cond. 

Co  =  0.1050  x^  =  10.374  X  10"  * 

C5o=^  0.1107  ^    _    AA9jivin~* 

C;%  0.1136  '>~-    6.628X10 

His  bar  was  30  cm.  long  and  1.5  cm.  in  diameter. 

» Wied.,  N.  F.,  13,  pp.  422  and  582,  1881. 
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In  his  main  experiments  Lorenz  used  two  methods.  One  was 
that  of  Forbes  with  various  improvements.  The  other,  which  he 
considers  the  more  exact,  consisted  in  measuring  the  time  rate  of 
increase  of  mean  temperature  throughout  a  certain  part  of  a  bar, 
with  a  known  difference  of  temperature  gradient  at  the  ends  of  the 
portion  considered,  and  with  a  surrounding  jacket  kept  at  a  known 
fixed  temperature  by  flow  of  cold  water  or  steam.  Moderate  differ- 
ences  of  temperature  between  different  parts  of  the  bar  and  between 
the  bar  and  jacket  were  used.  The  temperature  measurements  were 
made  by  means  of  thermo-electric  junctions,  usually  of  copper  and 
German-silver,  but  sometimes  of  copper  and  iron.  Heat  was 
brought  into  the  bar  by  end  contact  with  a  bar  of  copper  kept  hot 
by  means  of  a  lamp.  Of  course  it  was  necessary  to  know  the 
density  of  the  bar  and  its  specific  heat  at  various  temperatures. 
Careful  observations  to  determine  these  quantities  were  made  upon 
the  bar  itself  or  upon  a  portion  cut  from  it. 

It  is  impossible  to  read  the  papers  of  Lorenz  on  thermal  conduc- 
tivity without  being  impressed  by  the  thoroughness  of  his  work  and 
the  probable  accuracy  of  his  results.  But  his  method  as  a  whole 
does  not  strike  one  as  simple  or  easy  to  carry  out,  and  there  is  one 
detail  of  the  apparatus  which  suggests  to  me  the  possibility  of  con- 
siderable error.  The  thermo-electric  junction  commonly  used  con- 
sisted of  a  copper  wire  o.oi  cm.  thick  and  a  German-silver  wire  0.03 
cm.  in  diameter  soldered  together  end  to  end  in  a  straight  line. 
This  junction  rested  within  a  hol^  0.04  cm.  diameter  bored  straight 
through  the  bar  from  side  to  side,  and  both  wires  were  insulated 
from  contact  with  the  metal  of  the  bar,  the  German  silver  within 
the  hole  being  covered  with  a  thin  wrapping  of  silk  for  this  purpose. 
For  the  purpose  of  finding  the  temperature  gradient  leading  heat  into 
or  out  of  the  parts  considered,  '*  thermo-electric  double  elements 
were  used  which  consisted  of  short  German-silver  wires  with  both 
ends  soldered  to  copper  wires.*'  Now  it  seems  probable  that  the  ends 
of  any  one  of  these  German-silver  wires  would,  under  the  circum- 
stances described,  differ  decidedly  less  in  temperature  than  the  parts 
of  the  bar  at  the  two  holes  connected  by  the  wire.  This  objection 
must  have  occurred  to  Lorenz,  though  he  does  not,  so  far  as  I  have 
observed,  mention  it.     It  is  easy  to  see  that  error  from  this  defect  of 
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apparatus  would  in  some  measure  eliminate  itself,  since  it  is  the 
difference  of  two  temperature  gradients  which  enters  into  the  calcu- 
lations. Moreover,  Lorenz  states  that  he  sometimes  used  copper- 
iron  thermo-electric  junctions,  and  sometimes  junctions  made  by 
copper  wires  joined  directly  to  the  bar,  without  finding  any  material 
difference  in  the  results  obtained.  Finally,  it  is  to  be  said  that  the 
Forbes  method,  which  Lorenz  used  for  checking  the  results  obtained 
by  his  first  method,  gave  nearly  the  same  values  for  thermal  con- 
ductivity in  most  cases.  The  agreement  in  the  case  of  iron  was  es- 
pecially good,  the  Forbes  method  giving  a  result  about  i  ^  per  cent, 
smaller  than  the  other.  It  is  true  that  similar  errors  may  affect 
both  methods  as  applied  by  Lorenz. 

The  original  method  used  by  Lorenz  was  particularly  well  de- 
signed for  giving  the  temperature  coefficient  of  k ;  and  the  value 
which  he  found  for  this  coefficient  would  be  entitled  to  much  con- 
sideration, even  if  it  should  appear  that  the  values  which  he  found 
for  k  were  somewhat  erroneous. 

Lorenz  found,  by  his  preferred  method,  for  iron 

/6,  =  0.166s,         >fi^  =  0.1627, 
in  C.  G.  S.  units. 

The  temperature  coefficient  from  these  values  is  0.0002282. 

Landoldt  and  Bornstein  report  k  and  its  temperature  correctly  from 
Lorenz ;  but  Winkelmann  in  deducing  the  temperature  coefficient 
forgets  to  divide  by  k^. 

The  ratio  ^  -5-  ;r,  as  found  by  Lorenz  for  his  iron  bar  at  o^C,  is 
1605. 

Berget.^ 

Berget  made  first  a  determination  of  the  thermal  conductivity  of 
mercury  in  absolute  measure,  and  afterward  found  the  thermal  con- 
ductivity of  various  solid  metals,  including  iron,  by  comparison  with 
the  mercury.  He  found  the  gradient  of  temperature  in  a  vertical 
column  of  mercury,  of  which  the  upper  end  was  exposed  to  steam 
and  the  lower  end  was  kept  cool  by  melting  ice.  A  "guard  ring" 
of  mercury,  exposed  to  the  same  terminal  temperatures  as  this 

» G)mpt.  Rend.,  1887-90.  Journal  de  Physique,  Vol.  7,  p.  2,  1888,  and  Vol.  9,  p. 
135,  1890. 
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column,  surrounded  the  column  and  prevented  lateral  escape  of 
heat.  The  amount  of  heat  transmitted  by  the  shielded  column  was 
calculated  from  the  amount  of  ice  melted  at  its  lower  end,  this  latter 
quantity  being  found  sometimes  by  use  of  a  Bunsen  ice- calorimeter, 
sometimes  by  weight.  The  temperature  gradient  was  measured  by 
means  of  thermo-electric  couples,  formed  by  iron  wires  leading 
through  the  guard  cylinder  into  the  interior  column,  with  which 
they  were  in  metallic  contact. 

The  self-consistency  of  the  results  which  Berget  obtained  for  mer- 
cury is  marvelous,  but  not  greater  than  the  admirable  simplicity  and 
directness  of  his  method  seems  capable  of  giving.  There  was  no 
need  of  determining  specific  heat  or  "surface  conductivity.*' 

In  working  with  solid  metals  Berget  superposed  a  colunm  of 
mercury  upon  a  column  of  the  solid,  each  surrounded  by  its  *'  guard 
ring,'*  found  the  gradient  of  temperature  in  each  by  thermo-electric 
means  after  a  stationary  condition  was  reached,  and  then  deduced 
the  conductivity  of  the  solid  from  that  of  mercury  by  the  simplest  of 
calculations. 

The  whole  account  of  his  work  given  by  Berget  is  brief,  and  some 
details  of  apparatus  or  procedure  are  described  less  fully  than  tha 
reader  could  desire  ;  but  the  general  method  is  so  excellent  that  one 
can  have  little  doubt  concerning  the  accuracy  of  all  parts  of  the  in- 
vestigation. It  is  therefore  the  more  to  be  regretted  that  Berget 
has  not  told  us  the  degree  of  purity,  or  even  the  specific  grav- 
ity, of  the  metals  which  he  studied.  Perhaps  it  is  not  yet  too 
late  for  this  omission  to  be  made  good. 

He  determined,  for  solid  metals,  the  mean  thermal  conductivity 
between  o^C.  and  30° C.  and  declared  its  value  to  be,  for  iron, 
0.1587. 

He  found  the  mean  electrical  conductivity  of  the  same  bar  of  iron 
to  be,  between  o°C.  and  30°C.,  9.41  x  io~*. 

The  ratio  of  the  mean  values  of  the  two  conductivities  between 
these  limits  of  temperature  is  therefore,  according  to  Berget, 

k-T-x^.  1687. 

This  may  be  taken  as  equivalent  to 

'^15-^^15=  1687. 
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Beglinger/ 

Probably  the  broadest  piece  ofwork  ever  done  by  one  person  upon 
the  thermal  conductivity  of  iron  is  that  of  W.  Beglinger,  who  de- 
termined the  density,  specific  heat  and  thermal  conductivity  of  52 
pieces  of  iron,  including  steel  and  cast  iron,  of  many  varieties.  The 
following  passages  freely  translated  from  his  own  descriptions  will 
give  an  account  of  the  general  method  and  arrangement  of  apparatus. 

"  A  broad  cylinder,  which  in  all  points  had  the  same  initial  temper- 
ature N,  was  from  a  determined  moment,  which  we  take  as  the  zero 
point  of  the  time,  subjected  to  a  continuous  cooling  by  keeping  its  base 
continually  at  the  temperature  0°,  while  the  remainder  of  its  surface 
was  allowed  to  give  off  heat  into  a  space  kept  likewise  at  the  constant 
temperature  0°.  The  time-rate  of  fall  of  temperature  at  any  point 
of  the  cylinder  can  be  arrived  at  by  calculation  ;  and  after  certain 
simplifications  of  the  expression  thus  obtained  for  the  temperature, 
there  results  the  method  for  the  determination  of  the  internal  heat 
conductivity.*'  The  method  thus  indicated  is  credited  to  H.  F. 
Weber,^  who  had  applied  a  somewhat  similar  method  to  the  study 
of  heat  conduction  in  several  metals^  about  1880.  "The  tempera- 
ture was  measured  thermo-electrically.  Since  it  would  not  do  to 
break  the  continuity  of  the  material  by  means  of  small  canals,  one 
junction  of  the  thermo-element  was  placed  at  the  middle  of  the 
upper  end  surface  [of  the  cylinder],  the  other  junction  kept  at  the 
constant  temperature  0°  [so-called]  of  the  cooling  water.  The 
thermo-electric  current  was  led  through  a  galvanometer  of  such  a 
character  as  to  permit  the  variable  electromotive  force  to  be  fol- 
lowed exactly  after  the  lapse  of  a  few  seconds."  *  *  *  *' From  a 
given  moment,  after  the  cylinders  had  been  heated,  its  lower  end 
surface  was  played  on  by  a  stream  of  water  3  cm.  thick  from  the 
public  water  supply  (having  a  pressure  about  7  atmospheres),  while 
care  was  taken  that  the  upper  end  as  well  as  the  curved  surface  of 
the  cylinders  should  not  be  touched  by  the  water." 

*'  In  the  center  of  the  upper  end  surface  [of  the  cylinder]  a  drill 
hole  0.2-0.25  cm.  broad  and  0.15  cm.  deep  was  filled  with  a  piece 

1  Verhandlungen  des  Vereins  zur  Be(5rderung  des  Gewerbfleisses,  vol.  45,  1896, 
pp.  33-61. 

*  Berliner  Monatsberichte,  1880,  and  Wied.  Ann.,  Bd.  13. 

*  Vierteljahrsschrift  der  Naturforschenden  Gesellschaft  in  Zurich,  vol.  25,  1880. 
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of  soft  copper.  In  this  was  bored  a  fine  hole  in  which  the  junction 
[of  the  thermo-element,  of  thin  iron  and  German-silver  wire]  could 
be  easily  and  securely  placed.** 

The  narrowest  cylinders  used  by  Beglinger  had  a  diameter  of 
nearly  6  cm.;  the  greater  number  had  a  diameter  of  15.8  cm.  or 
more.  The  least  length  was  4.44  cm.;  the  length  of  the  greater 
number  ranged  from  6. 5  cm.  to  8  cm. 

Each  cylinder  when  in  use  was  mounted  on,  or  rather  in,  a  broad 
thick  supporting  plate  of  iron,  having  at  its  center  a  hole  widening 
conically  toward  the  upper  face  and  just  wide  enough  at  the  bottom 
face  to  admit  the  cylinder.  The  lower  end  surface  of  the  cylinder 
was  made  flush  with  the  lower  surface  of  the  plate,  being  sup- 
ported in  that  position  by  three  small  lugs  attached  to  the  under 
face  of  the  plate.  There  could  be  side  contact  between  cylinder 
and  plate  only  along  a  strip  ^  mm.  high.  The  narrow  space 
between  the  two  was  filled  with  a  cement  consisting  of  yellow 
wax  and  "  Kolophonium.*'  Above  the  cylinder  was  placed  on  the 
plate  a  double-walled  cap  of  sheet  copper  containing  water  of  the 
same  temperature  as  the  other  cooling  water.  The  water  jet,  about 
3  cm.  wide,  was  directed  against  the  middle  of  the  base  of  the  cyl- 
inder from  a  distance  of  3  or  4  cm.  with  very  great  force,  and 
"  erst  am  Rande  des  Gestelles  [support]  in  seiner  Bewegung  in  hori- 
zontaler  Richtung  gehemmt,  nahm  es  seinen  Weg  nach  unten."  At 
the  maximum  this  stream  delivered  about  3.7  ifters  of  water  per 
second  with  a  velocity  of  5.3  meters  per  second.  A  considerable 
reduction  of  the  flow  was  accompanied  by  a  perceptible  loss  of 
effectiveness  of  the  stream. 

The  warming  of  the  cylinder  was  effected  by  means  of  a  Bunsen 
burner ;  and  it  lasted  from  3  to  5  minutes,  at  times  as  much  as  10 
minutes.  After  the  operation  the  under  surface  of  the  cylinder  was 
always  carefully  cleaned  and  the  water  jet  was  put  into  position. 
Two  or  three  minutes  were  thus  allowed  to  elapse,  in  order  that  for  the 
subsequent  cooling  it  might  be  assumed  that  the  initial  temperature 
was  everywhere  the  same.  The  warming  was  observed  by  means 
of  the  galvanometer,  and  "  im  Allgemeinen  wurde  nicht  iiber  40** 
Temperaturdifferenz  hinausgegangert"  I  think  40®  is  here  a  mis- 
take for  4°  ;  for  I  find  later,  as  a  typical  case,  "  Kiihlwassertemper- 
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atur  3^.3  C"  *  *  *  "/2  =  2°.o;  also  gilt  das  Resultat  fur  die 
Temperatur  5^.3  Zr 

As  the  **  external "  conductivity  plays  a  certain  part,  though  a 
subordinate  one,  in  the  cooling,  certain  direct  observations  upon 
rate  of  cooling  by  external  conductivity  alone  were  made. 

In  some  cases  the  effect  of  removing  the  thermoelectric  junction 
from  the  middle  of  the  cylinder  end  to  an  excentric  position  was  tried. 

Each  cylinder  was  tested  in  both  of  its  upright  positions  ;  that  is, 
the  face  which  had  been  the  base  in  one  set  of  observations  was 
made  the  top  in  another  set ;  this  gave  a  rough  test  of  the  homo- 
geneity of  each  cylinder,  which  test  all  of  the  wrought-iron  cylinders 
except  one  and  all  of  the  steel  cylinders  except  one  bore  well.  But 
with  14  out  of  31  cast-iron  cylinders  the  values  of  k  obtained  from 
the  two  positions  differed  from  each  other  by  2  %  or  more. 

For  the  determination  of  its  specific  heat  each  cylinder  was  heated 
in  a  water  bath  to  *'  30,  40  oder  50°,"  from  which  it  was  after  a 
time  quickly  transferred  to  the  calorimeter.  The  giving  out  of  its 
heat  in  this  calorimeter  occupied  from  4  to  8  minutes. 

Beglinger  uses  the  minute  as  his  unit  of  time.  His  values  of  k 
are,  therefore,  to  be  divided  by  60  in  order  to  reduce  them  to  the 
C.  G.  S.  system,  and  the  reduction  is  made  in  the  following  table,  which 
gives  the  results  of  his  work  with  malleable  iron  (Schmiede-eisen): 


Schweisseisen.                            {              i 

!        1 

No 

/ 
cm. 

2R 

P 

c         1         * 

cm. 

1 

I. 

Schweisseisen,  Gerlafingen 

7.387 

15.91 

7.835 

0.1110 '  0.1502 

2. 

Sandwyk-Eisen 

6.992 

19.96 

7.884 

0.1104  1  0.1492 

3. 

Siegcner  Schweisseisen 

6.987 

19.96 

7.80? 

0.1107    0.1329 

4- 

Schweisseisen,  Gerlafingen  ( E. ) 

6.982 

19.96 

7.812 

0.11151  0.1279 

5. 

Frischfeuereisen,  Gerlafingen 

7.447 

20.05 

7.693 

0.1112,  0.1263 

6. 

Packeteiscn                  *• 

7.285 

20.05 

7.806 

0.1110  1  0.1262 

7. 

Hayange,  No.  2,  gewalzt 

6.970 

15.92 

7.521 

0.11341  0.1078 

8. 

Hayange,  No.  2,  geschmiedet 
Plusseisen. 

6.987 

15.91 

7.550 

0.1122    0.1112 

9. 

Flusseisen,  Gerlafingen 

7.275 

20.05 

7.849 

0.1108    0.1346 

10. 

Flusseisen , 

6.045 

15.87 

7.657 

0.1125  1  0.1241 

/=  length. 

2i?  = 

=  diame 

ter. 

p  =  density. 

c- 

=  specifi 

cheat. 

k  =  thermal  conductivity. 
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Beglinger  does  not  tell,  as  a  rule,  for  what  temperature  his  values 
of  c  ox  oi  k  were  determined  ;  but  from  various  remarks  it  seems 
probable  that  the  temperatures  for  k  lie  between  S°C.  and  20*^0. 
The  mean  temperatures  for  which  c  was  experimentally  determined 
probably  lay  ten  or  fifteen  degrees  higher.  Whether  the  values  of 
c,  as  given  above,  are  reduced  to  the  lower  temperatures  for  which 
k  holds,  we  are  not,  I  believe,  directly  told ;  but  it  appears  as  if 
these  values  of  c  were  used  in  finding  k.  The  mean  of  the  values 
given  for  c  is  about  what  Naccari  and  also  Lorenz  would  give  for 
the  specific  heat  of  iron  at  50°  C. 

Without  questioning  the  great  value  and  merit  of  Beglinger's 
work,  one  may  suspect  his  results  for  k  to  be  affected  by  consider- 
able errors.  For  example,  the  description  of  the  method  of  warm- 
ing the  cylinder  leaves  it  very  doubtful  whether  its  temperature  was 
everywhere  the  same  at  the  beginning  of  the  cooling.  Moreover, 
it  is  even  possible  to  doubt  whether  the  lower  face  of  the  cylinder, 
in  spite  of  the  great  size  and  velocity  of  the  water  stream  directed 
against  it,  had  everywhere  the  temperature  of  the  water  in  the 
stream.  The  parts  directly  attacked  by  the  full  force  of  the  stream 
would,  perhaps,  soon  attain  and  keep  a  temperature  very  nearly  the 
same  as  that  of  the  stream  itself;  but  other  parts  would  probably 
be  less  affected.  We  might,  therefore,  expect  narrow  cylinders  to 
be  cooled  somewhat  more  rapidly,  other  things  being  equal,  than 
broad  cylinders.  As  to  the  possible  action  along  the  curved  surface 
of  the  cylinder  Beglinger  remarks :  "  Es  ist  zu  bemerken,  dass  aus 
der  Erwarmung  des  Gestelles  [during  the  warming  of  the  cylinder 
by  means  of  a  Bunsen  burner]  kein  Fehler  entstehen  konnte ; 
ebensowenig  ist  ein  Einffuss  der  Kittschicht,  trotz  vielfacher  Modi- 
fikationen  konstatirt  worden."  It  is  to  be  remarked,  however,  that 
if  there  is  any  flow  out  through  the  cement  layer  during  the  cool- 
ing, this  flow  would  hasten  the  cooling  more,  other  things  being 
equal,  in  narrow  cylinders  than  in  broad  cylinders.  We  find  here, 
then,  two  possible  influences  tending  to  make  k  appear  greater  in 
narrow  cylinders  than  in  broad  cylinders.  Reasoning  in  this  way, 
I  was  curious  to  see  whether  the  results,  as  given  by  Beglinger, 
would  give  any  indication  of  such  a  result.  It  happens  that  he 
used  1 1  pairs  of  cast-iron  cylinders,  the  individuals  of  each  pair 
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being  of  the  same  material  and  differing,  so  far  as  was  known  before- 
hand, only  in  the  diameter,  which  was  about  6  cm.  for  one  and  16 
cm.  for  the  other.     Taking  mean  values  I  find 


p 

c 

k 

For  broad  cylinders, 

7.102 

0.1152 

0.1192 

For  narrow  cylinders, 

7.093 

0.1159 

0.1225 

The  mean  k  found  for  the  narrow  cylinders  is,  therefore,  about 
2.sJfc  greater  than  the  mean  k  found  for  the  broad  cylinders;  and 
as  the  mean  density  and  mean  specific  heat  are  nearly  the  same  for 
one  set  as  for  the  other,  it  seems  probable  that  the  apparent  differ- 
ence in  the  mean  values  of  k  is  due  to  some  fault  in  the  method  of 
experimentation. 

This  is  not  a  very  grave  criticism  of  the  work  of  Beglinger,  which 
from  its  scope  was  necessarily  somewhat  rough  in  details ;  but  it 
should  be  borne  in  mind  hereafter,  if  there  should  be  a  disposition 
on  the  part  of  any  one  to  discredit  the  values  obtained  by  others 
on  the  ground  that  these  values  do  not  agree  with  any  of  those  given 
by  Beglinger.  The  maximum  value  of  k  which  he  found  for 
wrought  iron  is  o.  1 502,  which  is  a  very  little  smaller  than  the  value 
which  I  have  found  for  a  less  dense  piece  of  iron,  about  5^  less  than 
the  value  found  by  Berget,  and  10^  less  than  the  value  found  by 
Lorenz  for  iron  of  very  nearly  the  same  density,  as  Beglinger*s  iron. 

Beglinger's  results  seem  to  show  that,  in  the  case  of  malleable 
iron,  density  is  an  important,  though  by  no  means  the  sole,  factor 
in  determining  the  value  of  k.  The  greatest  value  of  k  was  not 
found  in  the  most  dense  piece.  No.  *2,  nor  the  least  value  of  k  in 
the  least  dense  piece.  No.  7  ;  and  yet,  when  the  values  of  k  for 
the  ten  pieces  of  malleable  iron  are  plotted  as  ordinates  with 
the  densities  as  abscissas,  it  appears  that  an  increase  of  1^  in  the 
density  is  accompanied  by  an  increase  of  several  per  cent,  in  the 
value  of  k,  and  there  is  an  indication  that  the  rate  of  increase  of  k 
rises  with  the  increase  of  p.  The  other  variables  upon  which  k  in 
soft  iron  depends  are,  according  to  Beglinger,  very  obscure.  He 
calls  attention  to  the  fact  that  k  in  cylinder  No.  I,  which  came  di- 
rectly from  the  iron-works,  was  about  15^  greater  than  k  in  No.  4, 
a  cylinder  of  the  same  material  which  came  through  a  commercial 
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firm.  The  density  and  specific  heat  were  about  the  same  in  one  of 
these  cylinders  as  in  the  other.  It  seems  a  pity  that  serious  effort 
was  not  made,  by  dissection  and  minute  examination  of  these  two 
cylinders,  to  discover  the  cause  of  their  great  difference  in  k. 

It  may  be  well  to  add  a  few  words  concerning  the  results  of 
Beglinger  for  steel  and  cast-iron. 

The  1 1  cylinders  of  the  steel  group  were  all  "  Flussstahlsorten." 
In  these 

p  varied  from  7.84       to  7.92, 

c       *'         "      0.1 1 10  to  0.113s, 

k      "         "      0.1327  to  0.0940. 

There  was  among  these  no  apparent  connection  between  />  and  k. 

Among  the  11  cylinders  four  pieces  are  numbered  twice  each, 
once  in  the  soft  condition  and  once  in  the  hard  condition.  "  In  3 
Fallen  hatte  der  gehartete  Cylinder  ein  kleineres  k  als  der  weiche, 
aber  nur  um  11,5  und  6%  ;  in  eniem  Falle  hatte sogar der  gehartete 
Cylinder  ein  um  2%  grosseres  Leitungsvermogen."  "Die  Ergeb- 
nisse  fur  das  Harten  bestatigen  die  Resultate  des  Herm  Kohlrausch 
nicht.'*  In  fact,  Beglinger  comes  to  the  conclusion  that  hardness 
and  softness  in  steel,  whether  due  to  its  mode  of  manufacture  or  to 
subsequent  treatment,  has  comparatively  little  influence  on  k.  It  is 
to  be  observed,  however,  that  Beglinger  used  pieces  of  steel  about 
4. 5  cm.  thick,  and,  as  he  does  not  describe  his  method  of  hardening 
them,  it  may  well  be  doubted  whether  he  succeeded  in  making  them 
very  hard  throughout. 

Within  the  cast-iron  group  of  3 1  cylinders, 

p  varied  from  6.849     to  7.217, 

C         "  "        O.I  1 20    to    0.1 2  10, 

k      "   .      "     0.0932  to  0.1533. 

Here,  as  in  steel,  there  is  no  apparent  connection  between  p  and  k. 
It  seems  to  be  a  matter  of  mere  chance  whether  a  very  dense  piece  of 
cast  iron  has  a  high,  low  or  medium  thermal  conductivity.  In  the 
eleven  pairs  of  cast-iron  cylinders  already  mentioned,  the  individuals 
of  each  pair  being  ostensibly  of  the  same  material,  Beglinger  found 
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always  a  difference  of  k  between  these  individuals,  the  smallest  dif- 
ference being  less  than  ^Jfc,  the  largest  2156. 

Beglinger  gives  the  chemical  analysis  of  none  of  his  cylinders, 
and  expresses  a  doubt  as  to  whether  such  analysis  would  clear  up 
the  differences  observed,  in  view  of  the  comparatively  small  effect 
produced  by  the  presence  of  a  large  amount  of  carbon.  '*  Der 
gebundene  Kohlenstoff  driickt  beim  Gusseisen  das  k  etwas  hinunter 
im  Beispiel  des  Cylinders  No.  40  gegeniiber  No.  33,  wo  der  Kohlen- 
stoff zum  grossten  Theil  in  Form  von  Graphitblattchen  ausgeschieden 
ist."  '*  Ueber  den  Einfluss  von  Mangan,  Silicium  und  Schwefel 
etc.,  auf  das  Warmeleitungsvermogen  von  Stahl  und  Eisen  fehlt 
jeder  Anhaltspunkt.'' 

I  find  from  the  values  given  by  Beglinger : 

for  10  pieces  of  soft  iron  the  mean  k  =  o.  1300, 
"II      "       "  steel  "       "      "  =  0.1 100, 

«    jj      «       "  cast  iron    '*       '*      "  =  0.1175. 

Hall. 

The  general  method  which  I  have  followed  in  measuring  the 
thermal  conductivity  of  a  plate  of  wrought  iron  is  the  same  as  that 
used  by  Mr.  Ayres  and  myself  in  our  work  on  the  thermal  con- 
ductivity of  cast  iron.^  Certain  changes  of  apparatus  or  procedure, 
the  most  important  being  the  substitution  of  platinum  thermometers 
for  thermoelectric  junctions  in  measuring  the  change  of  tempera- 
ture of  the  water  passing  over  the  disk,  will  be  described  in  the  Pro- 
ceedings of  the  American  Academy ;  but  the  character  of  the  iron 
used  and  the  results  obtained  will  be  given  here. 

The  metal  was  Yorkshire  wrought  iron,  recommended  to  me  by 
an  engineer  friend  of  much  experience  as  the  softest  wrought  iron  to 
be  found  in  the  Boston  market.  At  the  place  of  purchase  the  metal 
was  described  to  me  as  containing  99.7%  iron  and  no  carbon. 
Chemical  analysis  made  at  my  instance  showed 

iron  99.93  % , 

carbon  0.05956. 

>  Proceedings  of  American  Academy  of  Arts  and  Sciences,  Vol.  34,  p.  283,  1 899. 
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The  values  which  I  find  for  the  thermal  conductivity,  k,  of  this 
iron  are,  at 

28°. 2C.  0.1528, 

SS^sC.  0.1 5 14, 

if  the  specific  heat  of  water  at  each  of  these  temperatures  is  called  i. 
This  would  give  for  the  temperature  coefficient  0.0003,  very  nearly. 
If  the  values  of  k  are  revised  in  accordance  with  the  values  pro- 
posed by  Winkelmann*  for  the  specific  heat  of  water  at  .the  given 
temperatures,  they  become  at 

28°.2C.  0.1513, 

58°. 3C.  0.1511, 

and  the  temperature  coefficient  deduced  therefrom  will  be  too  small 
to  be  worth  writing  down,  0.0000  ?,  let  us  say. 

But  the  recent  work  of  Callendar  and  Barnes*  gives  for  the 
specific  heat  of  water 

0.9992  at  25 °C. 

0.9987  at  30°  C. 

0.9992  at  55°C. 

1. 0000  at  60° C. 

If  these  values  given  by  Callendar  and  Barnes  are  adopted  as  cor- 
rect, my  first  values  of  k  will  stand  almost  without  change ;  and  I 
shall  therefore  leave  them  for  the  present  without  correction  for 
variation  in  the  specific  heat  of  water. 

My  value  for  the  temperature  coefficient,  0.0003  ^^  ^  ^^^^le  less,  is, 
so  far  as  it  goes,  a  corroboration  of  the  substantial  accuracy  of  the 
temperature  coefficient  found  by  Lorenz,  0.0002282,  although  it 
may  be  doubted  whether  the  last  three  figures  of  this  number  are 
of  much  significance.  This  agreement  is  eminently  satisfactory  to 
myself;  for  a  comparison  of  the  work  of  Lorenz  with  that  of  other 
investigators  has  convinced  me  that  his  value  of  the  temperature 
coefficient  is  entitled  to  an  especial  degree  of  confidence. 

'  Part  2  of  Vol.  2,  p.  340. 
« This  Review,  April,  1900. 
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Measurements  of  the  electrical  resistance  of  the  iron  were  made 
on  9  cylinders,  each  2  cm.  long  and  about  0.23  cm.  in  diameter,  cut 
from  the  same  great  bar  as  the  disk  on  which  the  measurements  of 
k  were  made.  The  length  of  the  cylinders,  like  the  thickness  of  the 
disk,  was  taken  parallel  to  the  length  of  the  bar ;  and  the  cylinders 
were  cut  from  a  part  of  the  bar  adjacent  to  that  from  which  the 
disk  was  cut.  The  extreme  difference  in  the  specific  resistances  of 
these  cylinders  was  apparently  about  5  per  cent.  The  mean  spe- 
cific resistance  was  found  to  be  12240  at  18°  C.  The  mean  spe- 
cific conductivity,  jr,  at  the  same  temperature  would,  therefore,  be 
817  X  IQ-'C.  G.  S. 

Summary  and  Discussion. 

In  accordance  with  the  preceding  exposition  I  have  made  the  fol- 
lowing table  of  results  for  wrought  iron,  in  which  p  =  the  density, 
X  =  the  electric  conductivity,  k  =  the  thermal  conductivity  : 


Obterver. 


X  y  10' 


Forbes, 

Mitchell, 

Stewart, 


Method  of  steady  flow  with  **  external  conduction,''^ 
7.79  ?  0.207  (?)  at  0°C.  (see  Mitchell). 

7.79  ?  0.1509  (?)  at  0«C.  (sp.  ht  uncertain). 

7.556  ?  j  0.175  (?)  at  0«C. 

Methods  using  waves  or  oscillations  of  temperature. 


AngstrSm, 
Neumann, 
H.  Weber, 

Methods  of 
Lorenz,  I 

Beglinger,       I 

Berget,            | 
Hall, I 


?  ?  0.1655  (?)  at  0°C.  (sp.  ht.  uncertain). 

7.74  ?  0.1637(?)  at  ?  (account  too  brief). 

7.761  604  at  44°C.      0. 1485  at  39«>C. 

rise  or  fall  of  temperature  with  internal  and  external  conduction, 
7.828      I    1037.4  at  0*>C.  1  0.1665  at  0*>C. 
7.74        I  ?  I  0.130  (?)  at  ?  (method  rough). 

Method  of  steady  /low  with  guard  ring  or  jacket, 

?  I       941  at  15°C.  I  0.1587  at  1S*>C. 

7.785      I       817  at  18'>C.      0.1528  at  28°C. 


Temperature  coefficient  of  k. 
Lorenz,        a  =  —  0.0002282. 
Hall,  a  =  —  0.0003  or  slightly  less. 

The  only  two  values  here  given  for  a  were  obtained  by  very 
different  methods,  which,  however,  have  this  very  important  feature 
in  common,  that  each  of  them  used  precisely  the  same  piece  of 
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metal  in  finding  the  low  temperature  value  of  >&  as  in  finding  its 
high  temperature  value,  the  whole  apparatus  being  used  at  two  dif- 
ferent levels  of  temperature,  with  little  or  no  relative  change  within 
it  in  passing  from  one  level  to  the  other.  In  the  Forbes  method  of 
finding  a,  followed  by  Mitchell  and  Stewart,  the  high  temperature 
value  of  k  is  found  at  one  part  of  a  bar  and  the  low  temperature 
value  at  a  different  part,  where  the  quality  of  the  metal  may  not  be 
quite  the  same.  For  this  reason,  as  well  as  for  others  which  will 
be  apparent  to  any  one  reading  the  preceding  discussion  of  work  by 
the  method  of  Forbes,  I  have  retained  none  of  the  values  of  a  ob- 
tained by  that  method.  The  value  to  be  derived  from  the  data 
given  by  Angstrom  seems  also  too  uncertain  for  a  place  in  this 
summary. 

If  we  take  —  0.00025*  as  the  value  of  a  in  wrought  iron  of  high 
grade,  I  believe  that  we  may  have  much  confidence  in  the  ciphers 
and  some  confidence  in  the  first  digit. 

In  four  cases  we  have  both  k  and  x  in  C.  G.  S.  units.  Reducing 
to  o°C.,  using  —  0.00025  as  the  value  of  a  and  jr^,  =  jr  -,-  (i  —  0.005 1/ 
+  0.000013/^)  as  the  temperature  formula  for  electrical  conductivity, 
we  get  in  these  four  cases 


Observer. 

p 

X 

k 

k-k-X 

Lorenz, 

7.828 

10374  X  10 -« 

0.1665 

1605 

Berget, 

? 

10160     " 

0.1593 

1568 

Hall, 

7.785 

8958      " 

0.1539 

1716 

H.  Weber, 

7.772 

7540 

0.1500 

1989 

The  mean  of  the  four  values  here  given  for  k  is  0.1574.  The 
mean  value  deduced  by  Holbom  and  Wien  was  0.156  at  (?)°C. 

It  is  plain  that  diminution  of  density  is  here  accompanied  by  fall 
of  both  X  and  k.  It  will  be  remembered  that  Beglinger's  results 
also,  for  soft  iron,  indicated  a  fall  of  several  per  cent  in  k  with  a  fall 
of  one  per  cent,  in  />.  It  would  be  unwise,  however,  to  draw 
definite  numerical  conclusions  from  the  numbers  before  us  ;  for  all 
the  values  of  x  and  k  are  in  some  degree  uncertain,  and  in  the  case 
of  Weber's  iron  even  the  />  is  a  little  dubious  ;  for  he  does  not  tell 
the  temperature  for  which  p  is  7.761,  and  I  have  assumed  that  it 

1  Holbom  and  Wien,  loc,  cit.j  retaining  the  values  of  a  given  by  Mitchell  and  Stewart, 
get,  as  the  most  probable  value,  a  =  —  o.ooioil. 
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was  39^C.,  which  he  gives  as  the  mean  temperature  for  which  he 
determined  k.  We  should  be  in  better  position  for  speculations  if 
we  knew  the  value  of  p  in  the  iron  used  by  Berget.  The  x  and  k 
for  this  iron  seem  to  require  a  high  density. 

Although  k  appears  to  increase  rapidly  with  increase  of  /t>,  x 
increases  still  more  rapidly,  so  that,  with  one  exception,  we  find 
k-^  XX.Q  decrease  with  increase  of  k.  This  exception  may  be  due 
to  entirely  obscure  causes  lying  in  the  difference  of  quality  of  the 
iron  used  by  Lorenz  and  Berget  respectively,  or  it  may  be  due  to 
errors  of  measurement  by  one  or  both  of  these  investigators.  To 
determine  this  ratio  within  i  Jfc  for  any  piece  of  iron  would  be  a  con- 
siderable achievement.  It  is  worth  while  to  inquire  what  values  of 
this  ratio  were  obtained  by  Lorenz  and  by  Berget  for  the  other 
metals  which  were  examined  by  both  of  them.  Brass  being  omitted 
as  a  too  uncertain  quantity,  these  metals  were  copper,  tin,  lead  and 
antimony.  Berget*s  results  being  given  for  I5°C.,  we  must  reduce 
them  to  o°C.;  and  for  this  purpose  can  not  do  better  than  to  take 
the  temperature  coefficients  found  by  Lorenz.  Using  these  we  get 
for  the  ratio  >fe  -4-  a:  at  o°C. 


Lorenx. 

Berget. 

Copper, 

1574 

1516 

Tin, 

1635 

1727 

Lead, 

1627 

1532 

Antimony, 

2011 

1629 

Thus  we  have,  including  iron,  four  cases  out  of  five  in  which  the 
value  of  >&  -J-  jr  found  by  Berget  was  less  than  that  found  by  Lorenz. 
I  am,  therefore,  inclined  to  attribute  the  exception  above  noted,  in 
the  column  k-^xlox  iron,  to  errors  of  measurement,  and  to  hold  it 
as  a  rule  that  in  iron  the  ratio  k  -^  x  decreases  with  increase  of  k. 
In  conclusion  I  have  to  make  the  following  suggestions  : 

1.  That  every  one  who  undertakes  to  determine  the  thermal  con- 
ductivity of  any  metal  should  determine  also  its  electrical  conduc- 
tivity and  thermoelectric  quality,  and  should  give  in  general  the 
most  definite  attainable  account  of  its  physical  and  chemical  proper- 
ties. 

2,  That  every  one  should  have  regard  not  merely  to  the  probable 
accuracy  of  his  method  but  also  to  its  convincingness,  lest  his  re- 
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suits,  however  accurate,  may  be  received  with  doubt  and  so  prove 
ineffective. 

3.  That  the  general  methods  used  by  Berget  are  peculiarly  sim- 
ple, direct  and  convincing ;  and  that  his  probably  very  accurate 
determination  of  k  for  mercury  puts  at  the  disposal  of  all  other  in- 
vestigators a  standard  substance  by  comparison  with  which  they 
may,  using  his  guard-ring  method,  measure  the  conductivity  of  other 
metals  with  far  less  labor  than  if  they  undertook  independent  abso- 
lute determinations. 

A  striking  example  of  the  uncritical  use  of  old  data  relating  to 
thermal  conductivity  is  furnished  by  the  paper  of  Liebenow  referred 
to  at  the  beginning  of  this  article.  Liebenow  derives  from  his 
theory  the  following  formula  for  the  thermo-electromotive  force  in 
any  metal : 

where  dE  is  the  electromotive  force  in  volts, 

dT  **  difference  of  temperature  in  degrees  C, 

R  **  specific  resistance  in  ohms, 

L  **  thermal  conductivity, 

T  "  absolute  temperature. 

He  then  says,  "  For  copper  one  finds  accordingly  at  15°  C,  if  one 
takes  0.8  as  the  specific  thermal  conductivity  of  copper, 

dE 


-fY^  ^  2.04\/o.8  X  0.000001635  -i-  288  =  zfc  0.0001375  volts." 

Why  Liebenow  took  the  value  0.8  he  does  not  say.  The  values 
given  by  Winkelmann  on  the  authority  of  various  observers  range 
from  0.6296  to  I.I  I.  But  having  taken  this  value  for  copper  he 
follows  the  curious  course  of  calculating  the  thermal  conductivity 
for  iron  by  multiplying  0.8  by  the  value  which  Wiedemann  and 
Franz  found  for  the  thermal  conductivity  of  iron  as  compared  with 
copper,  as  if  there  had  been  no  improvement  on  the  work  of  these 
observers  during  the  past  forty-five  years.    The  electric  conductivities 
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are  taken  from  Matthiessen's  values.  Accordingly  Liebenow  gets 
for  iron 

dE 

-77^=  d=  128.2  microvolts, 

al 

"  and  one  gets  for  the  iron-copper  element  —  9.3  microvolts  [that 
is,  128.2  —  137.5]  \  which  agrees  very  well  with  observations." 

To  show  how  much  importance  Liebenow  attaches  to  the  case  of 
iron  and  copper,  I  will  quote  one  more  passage.'  "  Since  the  elec- 
tric stream  in  the  copper-iron  element,  under  276°,  flows  from  cop- 
per to  iron  at  the  warm  junction,  though  the  electromotive  force  of 
the  copper  is  in  this  case  larger  than  that  of  the  iron,  it  follows  that 
the  direction  of  these  forces  is  opposite  to  that  of  the  heat  flow  ;  that 
is,  the  positive  electricity  is  in  these  metals,  with  unequal  temperature, 
driven  toward  the  warmer  places.  Moreover,  since  all  metals  inves- 
tigated by  Matthiessen  give,  in  combination  with  copper,  smaller  elec- 
tromotive forces  than  137.5  microvolts,  one  must  conclude  that  all 
metals  when  unequally  heated  become  electrically  positive  at  the 
warm  end." 

But  let  us  see  how  the  argument  would  run  if  we  were  to  use  the 
results  obtained  by  Lorenz  and  by  Berget,  both  excellent  and,  as 
compared  with  Wiedemann  and  Franz,  recent  experimenters. 

From  the  data  given  by  Lorenz  we  get  for  copper  at  o^  C. 


dE 
dT^ 


.=  2.04  J-j^  =  2.04  J— 2^10     =  0.0001549  volt, 
and  for  iron  at  the  same  temperature, 

2.04  A — ~io"'=  0.0001564  volt. 


dE 
dT' 


dE 
Thus  we  find  ^greater  for  iron,  the  opposite  of  what  Liebenow 

finds.     At  15®  C,  the  temperature  used  by  Liebenow,  the  excess  of 

dE 

-^  for  iron  would  be  a  little  greater  than  at  o**  C. 

From  Berget's  data  we  get  at  1 5**  C.  for  copper 


2-04  J  2 -^ — ^  =  0.000 1 519  volt, 

N  651300  X  288  J  :/        » 


dE 

dT        "**"  X  651300 
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and  for  iron  at  the  same  temperature, 


2.04  A r.r.  =  0.0001561  volt 

N  94100  X  288  ^ 


dE 

dT         ""^  X  94 


dE 
Here  again,  -j^  is  greater  for  iron  than  for  copper. 
dl 

However  sound  Liebenow's  general   theory  may  be,   it   seems 
plain  that  his  computations  should  be  revised. 

Cambridge,  May  12,  1900. 
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SPARK-LENGTH   OF  AN   ELECTRIC   INFLUENCE 

MACHINE,  AS   MODIFIED   BY  A  SMALL 

SPARK  FROM  THE  NEGATIVE  SIDE. 

By  W.  J.  Humphreys. 

ABOUT  ten  years  ago  I  noticed  that  the  discharging  distance 
between  the  poles  of  an  ordinary  Toepler  machine  could  be 
very  greatly  increased  by  the  aid  of  small  sparks,  taken  by  the 
hand  or  otherwise,  from  the  nqgative  pole,  or  from  any  part  of  the 
machine  in  metallic  contact  with  it ;  and  also  that  this  property  was 
peculiar  to  the  negative  side,  no  such  effect  being  produced  by 
sparks  taken  from  any  of  the  positive  parts. 

Naturally  I  supposed  that  a  description  of  this  phenomenon,  so 
easily  and  in  fact  often  accidentally  obtained  from  so  common  a 
machine,  was  to  be  found  in  the  journals  and  larger  treatises,  but  I 
have  not  been  able  to  find  any  reference  to  it.  I  therefore  venture 
to  publish  a  short  account  of  my  experiments  along  this  line,  trust- 
ing that  the  results,  if  not  new  and  interesting  to  all,  may  at  least 
be  so  to  many. 

For  the  sake  of  convenience  and  clearness  I  refer  to  the  accom- 
panying sketch,  in  which  y,  /,  are  the  two  small  leyden  jars  usually 
on  electrical  influence  machines,  W  the  wire  connecting  their  outer 
coatings,  A  and  B  the  discharge  balls.  C  and  D  connect,  one  with 
the  positive  the  other  with  the  negative  comb  of  the  machine. 

Let  the  machine  be  run  continuously,  and  let  the  distance  be- 
tween A  and  B  be  gradually  increased  till  the  sparks  cease  to  pass. 
If  a  small  spark  is  now  drawn  from  any  part  of  the  machine  metal- 
lically connected  with  the  negative  pole,  the  dilectric  between  A  and 
B  will  in  general  break  down  and  a  spark  of  full  magnitude  pass 
between  them. 
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In  this  way  the  sparking  distance  may  be  increased  anywhere  up 
to  seventy-five  per  cent,  or  even  more,  the  extent  of  increase  de- 
pending on  many  things  as  will  appear  from  the  experiments  de- 
scribed below. 

The  experiments  were  usually  made  with  the  machine  in  constant 
action,  but  this  was  only  a  matter  of  convenience  as  the  discharges 
between  the  poles  could  still  be  forced,  by  the  aid  of  a  small  spark 
from  the  negative  side,  after  the  machine  had  come  to  rest,  but  of 
course  before  the  potential  had  dropped  very  greatly. 


A  B 


W 


Fig.  1. 


The  phenomenon  has  been  tried,  and  with  uniform  success,  with 
several  machines ;  among  them  an  old  type  Holtz,  Toepler  and 
Wimshurst  machines.  Most  of  my  observations  however  have 
been  made  with  a  two-plate  Wimshurst  machine,  the  plates  being 
twenty  inches  in  diameter,  of  ebonite  and  furnished  with  metallic 
sectors. 

When  the  poles  were  equal  in  polish  and  otherwise  it  was,  as 
one  would  expect,  a  matter  of  indifference  which  was  positive  and 
which  negative,  the  forced  spark  being  obtained  equally  well  in  each 
case. 

The  phenomenon  has  been  tested  under  quite  a  number  of  con- 
ditions— some  of  which  are  the  following.  Where  no  statement  to 
the  contrary  is  made,  the  condensers  belonging  to  the  machine 
were  used,  and  both  poles  kept  polished. 
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1.  Roughened  negative  pole.  Results  never  good  ;  the  negative 
pole  lost  its  charge  so  rapidly  in  the  form  of  a  brush  that  it  was  im- 
possible to  obtain  sparks  of  any  considerable  length. 

2.  Polished  negative  pole.     Results  generally  very  good. 

3.  Condensers  of  very  small  capacity.  Increase  in  spark  gap 
slight. 

4.  Condensers  of  large  capacity.     Spark  gap  not  much  increased. 

5.  No  condensers.  Spark  gap  not  affected  by  spark  from  either 
pole. 

6.  Condensers  belonging  to  machine,  and  polished  negative  pole. 
Results  generally  excellent. 

7.  State  of  the  atmosphere  such  as  to  prevent  high  potential, 
machine  giving  only  short  sparks.  Results  less  pronounced,  the 
poorer  the  working  of  the  machine. 

8.  Condition  of  the  atmosphere  such  as  to  cause  unusually  long 
sparks.     Increase  of  spark-length  ordinarily  not  very  great. 

9.  Working  of  machine  such  as  to  give  sparks  of  medium  length, 
from  eight  to  twelve  centimeters  with  the  Wimshurst  machine.  In- 
crease of  spark-length  most  pronounced,  often  nearly  doubling  the 
distance  between  the  poles. 

10.  Poles  separated  very  widely.  In  this  case  a  spark  could  not 
be  made  to  pass  the  whole  distance,  but  each  time  a  small  spark 
was  taken  from  the  negative  side  a  discharge  passed  from  the  posi- 
tive pole  and  lost  itself  along  many  branches  into  the  air.  Nothing 
of  this  kind  happened  at  the  negative  pole  when  a  similar  spark  was 
drawn  from  the  positive  side. 

11.  Discharge  poles  removed  some  distance,  about  seventy  cen- 
timeters, from  the  revolving  disks.  Results  the  same  as  when  the 
poles  were  in  their  usual  positions. 

1 2.  Outsides  of  condensers  connected  by  metal  rod.  Results  ex- 
cellent 

13.  Outsides  of  condensers  connected  by  secondary  of  a  large 
induction  coil.  Increase  in  sparking  distance  still  very  pronounced, 
but  volume  of  spark  diminished. 

14.  Outside  of  condensers  connected  by  a  wet  string.  Increase 
in  sparking  distance  still  decided,  but  volume  of  spark  greatly  di- 
minished. 
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1 5.  Condensers  completely  insulated  from  each  other.  Outsides 
temporarily  grounded  or  not,  but  finally  left  insulated.  In  this  case 
there  was  not  the  slightest  indication  of  a  spark  on  taking  small 
discharges  from  either  pole. 

Various  other  arrangements  were  tried,  but  probably  these  are 
the  most  important,  and  from  them  it  may  be  gathered  that  if  the 
poles  of  an  electrical  influence  machine  be  separated  beyond  their 
sparking  distance,  they  will  still  allow  a  spark  to  pass,  either  as  a 
unit  from  pole  to  pole,  or  as  one  losing  itself  in  branches,  each  time 
a  small  spark  is  drawn  from  the  negative  side  of  the  machine,  pro- 
vided that  the  outer  coatings  of  the  condensers  are  connected  by  a 
conductor ;  and  further  that  nothing  of  the  kind  takes  place  when 
the  condensers  are  insulated  from  each  other,  nor  when  the  small 
spark  is  taken  from  the  positive  side  of  the  machine. 

It  may  be  well  to  state  that  the  size  of  the  small  spark  necessary 
to  cause  the  discharge  between  the  poles  is  not  the  same  under  all 
conditions.  When  the  poles  are  separated  but  little  beyond  their 
sparking  distance'  it  may  be  very  slight,  but  has  to  be  much  larger 
when  the  distance  between  the  poles  is  greatly  increased. 

The  experiments  of  Lodge  and  others  on  the  importance  of  elec- 
trical surges  and  oscillations  in  the  production  of  sparks,  would  in- 
cline one  to  attribute  the  above  phenomenon  to  some  such  cause. 
There  is,  however,  one  important  objection  to  this  explanation.  If 
the  phenomenon  is  really  due  to  surges  or  oscillations,  it  is  not  clear 
why  they  should  not  be  equally  great,  and  the  results  just  as 
pronounced  when  the  side  spark  is  taken  from  one  pole  as  when  it 
is  taken  from  the  other.  Still,  the  fact  that  the  phenomenon  ceases 
when  and  only  when  the  outer  coatings  of  the  jars  are  so  insu- 
lated that  there  can  be  no  oscillations  or  even  surges  between 
them,  well  nigh  compells  the  acceptance  of  the  above  explanation, 
but  in  a  distinctly  modified  form. 

Let  the  jars  be  fully  charged,  and  the  poles  separated  too  far  to 
allow  sparks  to  pass  under  ordinary  conditions.  The  field  of  force 
due  to  these  charges  is  a  complicated  one,  depending  of  course  to 
some  extent  on  neighboring  objects,  but  as  a  rough  approximation 
it  may  be  regarded  as  made  up  of  lines  of  force  between  the  poles 
A  and  B  say  of  the  figure,  and  a  much  greater  number  of  lines 
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of  force  from  inner  to  outer  coatings  through  the  walls  of  the  jars 
y,  y.  If  the  jars  are  insulated  from  each  other  a  spark  drawn  from 
either  A  ox  B  will  decrease  the  strain  between  them.  I  assume  the 
sparks  to  be  taken  with  objects  in  connection  with  the  earth,  that  is 
at  zero  potential.  If,  on  the  other  hand,  the  outside  coatings  of  the 
jars  are  so  connected  that  oscillations  or  even  one-way  surges  may 
pass  between  them  a  spark  from  either  pole  will  cause  an  impulsive 
rush  of  the  opposite  charge  to  the  other  pole  and  a  consequent  rise 
of  its  potential.  That  the  break -down  takes  place  only  when  the 
auxiliary  spark  is  taken  from  the  negative  side  indicates  that  the  di- 
electric is  far  more  sensitive  to  shocks  next  the  anode  than  it  is 
next  the  cathode. 

There  are  other  indications,  at  least  one  of  which  I  shall  discuss 
in  another  paper,  of  the  superior  sensitiveness  to  electrical  disturb- 
ances of  the  region  about  the  positive  over  that  about  the  negative 
pole.  But  this  idea  of  sensitiveness  of  the  dielectric  next  the  anode, 
when  under  usual  conditions,  is  already  supported  by  certain  ex- 
periments of  Faraday,  Macfarlane  and  De  la  Rue  and  Hugo  Miiller. 
In  speaking  of  Faraday's  experiments  on  discharges  between  spheres 
of  different  sizes,  J.  J.  Thomson*  says  :  *'  We  may  express  this  re- 
sult by  saying  that  when  the  electric  field  is  not  uniform  the  gas  does 
not  break  down  so  easily  when  the  greatest  electromotive  intensity 
is  at  the  cathode  as  it  does  when  it  is  at  the  anode." 

To  explain  this  sensitiveness  at  the  anode,  we  may  assume  that 
the  molecules  of  the  dielectric  between  the  poles  are  polarized  and 
formed  into  Grotthus'  chains,  and  further  that  these  chains  are 
more  easily  broken  down  or  ionized  by  shocks  at  one  end  than  by 
shocks  at  the  other  or  by  steady  strains.  This  hypothesis  offers  a 
common  explanation  of  the  above  phenomenon  and  Jaumann's  dis- 
covery^ that  a  gas  is  electrically  weaker  under  oscillating  fields  than 
under  steady  ones. 

In  the  various  experiments  of  Jaumann  and  other  workers  on 
the  effects  of  oscillations  in  producing  sparks  there  are  no  indica- 
tions, so  far  as  I  know,  whether  it  is  the  positive  to  negative  pole 
or  the  reverse  impulse  that  produces  the  spark,  but  if  the  above 

*  Experimental  Researches,  p.  170. 
«Sitzb.  d.  Wien  Akad.,  97,  p.  765,  1888. 
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assumptions  are  true  it  would  seem  to  be  the  former  and  not  the 
latter. 

Doubtless  more  or  less  close  mechanical  analogies  to  the  as- 
sumption of  a  Grotthus*  chain  more  sensitive  to  shocks  at  one  end 
than  at  the  other  could  be  found,  but  at  present  I  shall  not  search 
for  them,  since  the  assumption  is  offered  more  as  a  means  of  coordi- 
nating this  with  other  experiments,  and  of  suggesting  possible  lines 
of  further  work  than  as  a  complete  and  final  explanation. 

Rouss  Physical  Laboratory, 

University  of  Va.,  March,  1900. 
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